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ABSTRACT 


Near-field  scanning  acoustic  microscopy  (NSAM)  is  a  recent  addition  to  the 
developing  field  of  scanning  probe  microscopy.  Its  historical  roots  are  scanning  acoustic 
microscopy  (SAM)  first  demonstrated  in  1973  and  scanning  tunneling  microscopy 
(STM),  introduced  in  1981.  The  NSAM  uses  acoustic  waves  to  probe  the  sample  but 
unlike  die  SAM  diat  operates  in  the  fim-field  regime,  the  resolution  of  the  NSAM  is  not 
bound  by  the  diffiaction-limited  spot  created  by  an  acoustic  lens.  Instead  of  an  acoustic 
lens,  die  NSAM  uses  a  sharp  probe  filce  diose  used  in  STM  to  contain  the  acoustic  waves 
and  deliver  them  to  a  spot  of  sub-wavelength  dimension  on  die  sample.  While 
similaritigs  in  instrumentation  exist  between  die  NSAM  and  the  STM,  the  contrast 
mechanism  for  the  NSAM  is  based  on  variations  in  die  acoustic  properties  of  the  sample 
in  addidon  to  surface  topography. 

The  NSAM  presented  in  dus  dissertation  utilizes  key  components  which  are 
microfabticated  u^g  manufacturing  processes  similar  to  those  used  in  integrated  circuit 
fabrication.  The  microfabiicated  probes  are  comprised  of  silicon  cones,  with  height  on 
the  order  of  100  pm,  int^rated  with  ultrasonic  transducers  which  operate  in  the  GHz 
fiequency  range.  Operation  of  the  instrument  has  bemi  demonstrated  in  contacting  as 
well  as  non-contacting  modes.  The  hsasc  mode  relies  on  electrostrictive  forces  to  coupte 
die  sound  from  tip  to  sample.  In  die  contacting  mode,  the  vertical  and  lateral  resolutions 
of  the  instrument  are  30  A  and  1000  A  respectively. 

In  addition  to  die  topic  of  NSAM,  some  microfabrication  technologies  for  STM 
and  atomic  force  microscopy  (AFM)  are  also  (tescribed  in  this  dissertation. 
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Chapter  1 :  Introduction  to  Scanning  Probe 

Microscopy  and  Microfabrication 


1 .1  Introduction  to  Near-Field  Scanning  Probe  Microscopy 

When  one  thinks  of  microscopes^  one  often  dunks  of  die  standard  optical 
microscopes  that  are  common  in  high  school  biology  laboratories.  Those  instcummits 
map  the  entire  image  shnultaneonsly  and  use  lenses  to  focus  light  down  to  a  diffiaction- 
limited  spot  In  the  most  common  foims  of  optical  microscopes,  the  lens  also  receives 
tiie  light  leflected  from  die  spot  and  forms  a  magnified  image  of  die  sample.  The 
resolution  in  diis  case  is  limited  by  the  size  of  the  ;^t  that  can  be  created  (EIgnie  1.1  (a)). 

The  diffiactiott-limited  spot  size  is  the  product  of  tiie  ^number  of  the  lens  and  tiie 
wavdengdi  of  die  radiation  used,  where  the  /-number  is  ratio  of  the  focal  lengdi  of  the 
lens  to  its  diameter,  /-numbers  can  only  be  reduced  to  appioxiiuaiBly  0.5  so  in  order  to 
tnakft  substantial  gains  in  tesolutioit  the  wavelengdi  of  the  radiation  must  be  made  as 
short  as  possible.  The  odier  characteristic  of  most  optical  microscopes  is  that  every  point 
in  the  focal  plane  is  simultaneously  nuqiped  to  a  point  on  die  image  plane  of  die 
microscope  so  diat  the  entire  image  is  produced  at  once. 

Two  types  of  optical  microscopes  diat  do  not  map  die  entire  image  rimultaneously 
ate  die  confocal  gramnhig  optical  microscope  (CSOM)  [1]  and  the  near-field  scanning 
optical  microscope  (NSOM)  [2, 3].  These  instruments  create  images  point  by  point  by 
iBCfltming  a  diffiraction-limited  ^t  over  a  sample  surface. 
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L 

^distance 


Hgure  1.1  a)  Tbe  resolution  of  far-field  microscopes  is  deteimined  by  tiie 
size  of  a  diffraction-limited  produced  by  a  fens,  b)  In  near-field 
scanning  probe  microscopy  a  sharp  probe  confines  tite  area  of  mteractum 
between  the  and  sample  to  a  sub-wavelength  tized  spoL  The  resolution 

in  this  case  is  fimited  by  die  sharpness  of  the  tip  and  the  distance  between 
the  tq>  and  sample. 


In  contrast  to  traditional  far-field  micrc^ctpes,  the  recently  developed  near-field 
scanning  probe  microscopes  are  not  limited  by  diffraction  and  ibey  compose  tiie  image 
point  by  point  In  near-field  scanning  probe  microscopes  such  as  the  scannii^  tmmftlmg 
microscqpe  (STM)  [4],  atomic  force  microsctpe  (AFM)  [S,  6],  NSOM  [2, 3]  and  near- 
fidd  scanning  acoustic  microscope  ^SAM)  [7, 8,9,10, 11, 12]  a  sharp  probe  is  used  to 
confine  die  interaction  between  die  probe  and  the  sample.  Ihe  lateral  resolution  of  die 
microscopes  is  typically  limited  by  die  sharpness  of  the  tip  and  the  spacing  between  the 
t^  and  the  sample  (Hgure  1.1  (b))  and  since  the  probes  can  be  made  significantly  sharper 
than  die  characteiistic  wavelengdi  of  the  interaction  mechanism  being  used,  resolution 
significantly  greater  dian  X/2  can  be  achieved. 
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The  image  is  composed  point  by  point  by  scanning  the  tip  in  a  raster  fashion  over 
the  sample  while  controlling  the  height  of  tip  by  means  of  a  feedback  drcuit  diat 
monitors  the  strength  of  the  interaction  between  die  tip  and  the  sample.  In  ptindple,  die 
resolution  of  these  microscopes  is  constant  at  every  point  of  the  sample  so  the  resulting 
image  is  a  true  3-dimensional  mapping  of  the  sample  surface. 

The  best  known  example  of  a  near-field  scanning  microscope  is  the  STM.  The 
STM  is  an  electron  microscope  like  the  mote  established  scanning  electron  microscope 
(SEM)  but  whereas  the  SEM  uses  lenses  to  focus  an  electron  beam  to  a  small  tm  the 

sample,  the  STM  utiluBS  a  sharp  metal  dp  to  conduct  die  electrons  to  a  single  atc»n  at  die 
apex  of  die  dp.  When  the  dp  is  brought  within  a  few  angstroms  of  a  conducting  sample, 
the  electrons  can  quantum  mechanically  tunnel  from  the  tqi  to  die  sample  udule  never 
exceeding  the  energy  of  die  barrier  represented  by  the  vacuum  gap  between  the  tip  and 
samp]e[13].  When  a  small  DC  bias  is  placed  across  die  dp  and  sample,  the  dectron 
ttansidon  probability  becomes  eiqioiientially  higher  in  (me  directicm  than  in  die  odier  and 
so  a  DC  tunneling  current  flows.  The  tunneling  current  is  also  an  exponential  fbncdon  of 
gap  spacing.  If  an  atom  at  the  qi^  of  die  is  even  one  atomic  radius  closer  to  die 

sample  than  its  neighbors,  the  closest  atom  to  the  sample  conducts  almost  all  of  die 
timfifiiing  currmiL  This  confinement  of  the  tunnding  curtmit  to  one  atom  is  the  source  of 
the  STM's  exquisite  lateral  tesoludon. 

Aldiough  the  STM  has  many  unique  features,  its  bade  components  are  diared  by 
most  scanning  probe  microscopes  (Figure  1.2).  In  scaiming  probe  microscopes,  the 
sample  is  mounted  on  a  mechanical  seamier.  The  scanners  are  ^ically  trqiods  made 
from  segments  of  a  piezoefectric  ceramic  such  as  lead  zirconium  dtanate  (PZT).  FZT  is 
(^osen  for  its  high  sensitivity  and  relative  stifhiess.  The  tip  is  brought  close  to  the 
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sample  while  Ae  interacticm  signal  is  monitmed.  hi  the  case  of  STM,  the  intmaction 
signal  is  the  tunneling  cunent  A  feedback  ciicait  controls  die  ^dng  between  the  t4> 
and  sample  by  feeding  an  error  signal  to  the  z  piezo  of  the  scanner  that  controls  die 
separatum  between  the  dp  and  sample.  The  display  is  created  by  recording  the  inccmiing 
interaction  or  feedback  error  signal  at  each  x  and  y  position  and  displaying  the  result  on  a 
video  moniUMT  as  a  2-dimeiisional  anay  of  gray  scales. 

While  dqiod  scanners  ate  still  used  in  cmtain  ultra-high  resolution  microscopes 
such  as  UHV  spectroscopy  STMs,  udiete  die  trqKxts'  lower  voltage  sensitivi^  causes 
smaller  scan  ranges  and  lower  scanner  noise,  in  many  plications  they  have  been 
rqilaoed  by  piezoelectric  mbe  scanners  [14].  Tube  scanners  are  hollow  JZJ  tubes  widi 
Qrpical  sidewall  thickness  on  die  order  of  20  mils.  The  walls  of  the  tube  are  metallized  to 
form  dectrodes  on  both  the  interior  and  extetunr.  The  inteticu  metal  film  is  continuous, 
while  die  outer  metal  film  is  segmented  into  four  sectirms  to  create  four  independendy 
addressable  dectrodes.  To  make  die  tube  scan  in  z  and  y  and  maintain  the  spacing  in  z, 
die  inner  dectrode  is  biased  with  a  DC  voltage  and  the  outor  electrodes  are  fed  a 
combined  voltage  rqnesenting  the  scan  and  bei^t  infranation.  Hie  scan  range  for  the 
trqMxIs  is  a  few  thousand  angstroms  while  some  long  tube  scanners  can  scan  as  far  as  200 
pm. 

1,2  Applications  of  Microfabrication  in  Scanning  Probe  Microscopy 

The  STM  can  be  built  completely  using  traditicmally  machined  parts.  Its  close 
rdative,  the  AFM  howevo’  can  not  adiieve  its  best  resolution  without  the 
microfebtication  of  certain  critical  components. 
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In  AFM,  the  forces  between  Ae  atoms  on  the  tip  and  atoms  cm  the  sample  are 
measured  by  monitoring  the  deflection  of  a  force-sensing  cantilever  (Hgure  1.3).  The 
deflection  sensor  can  take  various  fonns  including  tunneiing  sensors  [S],  optical 
intnferometers  [15],  optical  beam  deflection  sensors  [IQ  and  integrated  piezoiesistive 
detectors  [17].  The  forces  used  during  imaging  are  ^kally  on  the  order  of  lO*^  N  [15]. 
The  AFM  can  be  operated  in  botii  the  contact  mode,  in  which  repulsive  forces  deflect  the 
cantilever,  and  non-contact  mode,  in  w^ch  cantilever  is  vibrated  near  the  sample 
surface  where  forc^  between  the  cantilever  and  tte  sample  affect  the  amplitude  or 
fiequency  of  tiie  moving  cantilever  [15, 18]. 
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order  to  improve  the  performance  of  the  AFM,  the  cantilever  needed  to  be  constructed  in 
such  a  way  as  to  have  both  a  low  spring  constant  and  a  high  resonance  frequency.  Since 
the  resonance  frequency  of  die  cantilever,  coo,  is  given  by 


the  mass,  m,  must  be  kept  small  if  the  resonance  frequency,  oio,  is  to  be  made  high  while 
die  force  constant,  k,  is  mimmized.  Even  in  1986,  die  inventors  of  the  first  AFM 
understood  that  these  requiiemoits  suggest  the  use  of  microfabrication. 

Microfabiicated  cantilevers  for  AFM  were  first  introduced  by  Albrecht  and  Qaaie 
m  1987  [6].  Ibese  cantOevets  weremade  fiom  silicmi  wafers  and  diin  films  using 
microfabricadon  techniques  usually  found  in  die  manufacture  of  integrated  drenits. 
Albrecht  fabricated  cantilevers  widi  dimensions  on  die  order  of  100  x  20  X  1  pm,  force 
constants  on  the  order  of  1  N/m  and  resonance  fieqnencies  in  die  tens  to  hundreds  of  kflz 
range.  These  cantilevets  were  used  to  obtain  the  first  images  of  atomic  cormgatioQswidi 
theAFM.  Theseearly  cantilevers  were  made  fiom  silicmi  dioxide  and  were  very  fragile. 
They  also  did  not  have  integral  tips  so  naturally  occurring  asperities  had  to  be  relied  iqxxi 
to  act  as  tips  when  imaging.  In  the  succeeding  years,  many  improvements  have  been 
made  in  the  design  and  manufacture  of  AFM  cantilevers  including  the  use  of  silicmi 
rdtride  instead  of  silicon  dioxide  for  increased  cantilever  robustness  and  the  addition  of 
integral,  sharp  tqis  to  aid  in  the  imaging  of  rough  samples.  Some  of  diese  improvmnents 
ate  presmited  in  tins  dissertation.  Many  odierimprovemmts  have  been  presented  by 
other  research^  in  what  has  become  a  fotile  common  ground  between  microfabtication 
and  microscope  research. 
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1  ^  Near-Reid  Scanning  Acoustic  Microscopy 

The  AFM  creates  images  u^g  IX  force  as  the  contrast  mechanism.  It  is  not  a 
large  concq>tual  let^  from  the  use  of  DC  or  low  frequency  forces  in  AFM  to  die  use  of 
ultra-hig^  frequency  force  modulations  used  in  NSAM.  An  acoustic  wave  is  simply  a 
tiixi»  varying  force  wave  whidi  propagates  in  a  medium.  The  first  NSAMs  were 
demonstrated  by  Takata  and  cowotkers  at  Hitachi  Central  Research  Laboratoiy  [7]  and 
Uozumi  and  cowotkers  at  Aoyama  Gakuin  UniversiQr  [8]  both  in  Japan.  In  NSAM,  an 
acoustic  wave  is  launched  down  a  tip  where  it  is  subsequoitly  coupled  into  a  sample. 

The  interaction  between  the  tip  and  sample  can  be  measured  eith»  by  monitonng  die 
transmitted  acoustic  power  using  a  receiving  ultrasonic  transducer  mounted  beneadi  die 
sample,  or  by  monitoting  the  changes  in  acoustic  resonance  caused  by  loading  of  die  tq>. 

The  NS  AM  differs  fitxn  die  STM  in  that  the  NSAM  can  image  insulators  as  wdl 
as  crntdoctors.  Unlike  the  AFM  however,  the  NSAM  may  yield  infonnation  about  a 
sample's  material  properties  such  as  elasticity  and  acoustic  impedance.  By  obtaining  2- 
dhnenrional  nuqipings  of  variations  in  these  properties,  die  compoation  or  medianical 
structure  samples  may  be  determined. 

Since  die  NS  AM's  contrast  mechanism  is  based  on  the  relative  efficiency  of 
acoustic  coopling  between  the  t^  and  sample,  any  fence  interaction  that  can  generate 
acoustic  waves  in  the  tip  and  sample  can  concdvably  be  exploited  as  an  imaging 
mechanism.  One  such  example  is  die  use  of  electric  fields  between  die  tip  and  sample  to 
generate  acoustic  waves.  If  an  electric  field  is  placed  across  a  condimtive  tip  and  sample, 
an  attractive  force  is  created  much  as  in  the  case  of  a  parallel  plate  c^iacitor.  Ifdie 
electric  field  is  varied  at  high  fiequendes,  die  attractive  force  also  varies  with  time  and  an 
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acoustic  wave  is  launched  into  the  tip  and  sample.  Some  of  the  acoustic  power  can  be 
collected  by  a  transducer  at  the  back  of  the  tip  and  used  for  imaging. 

The  dectrostrictive  mode  of  acoustic  wave  generation  allows  the  NSAM  to  be 
used  in  non-contacting  mode  and  pertiaps  more  importantly  to  estimate  the  force  between 
the  tip  and  sample  for  a  given  value  of  tecdved  acoustic  power.  Since  die  force  caused 
by  an  electiic  field  can  be  known,  and  the  acoustic  power  for  a  given  electtic  fidd  is 
known,  die  force  and  acoustic  power  can  be  conelated  to  give  the  NSAM  a  meaningful 
force  calibration. 

The  first  NSAMs,  qierated  in  the  frequency  range  of  80  kHz  to  S  MHz,  were  very 
similar  in  instrumeatadon  to  STMs,  often  using  metal  tips  widi  bonded  ultrasonic 
transducers  to  create  ultrasonicaliy  active  probes.  Tbe  NSAM  described  in  diis 
dissertation  uses  microfabricated  probes  comprised  of  silicon  tips  and  zinc  oxide 
piezodectiic  nansducecs.  By  utiOhzang  microfabiication,  it  is  possible  to  ruake  tips  widi 
radii  of  curvature  of  less  dian  1000  A  and  ttansdncers  wid)  operating  fiequendes  tq>  to 
several  GHz.  The  NS  AM  widi  nucrofabricated  NSAM  has  been  demonstrated  in  bodi 
the  transmisaon  and  dectrostrictive  modes  of  operation.  While  its  current  dmntmstrated 
resolution  does  not  exceed  that  of  die  non-microfabticated  instruments,  there  are  several 
improvements  possible  vduch  may  yield  increased  resoluticm  for  die  microfabticated 
instrument  in  addition,  since  die  key  components  of  our  NSAM  ate  microfalnicaied,  it 
may  be  possible  to  integrate  the  acoustically  active  probes  onto  standard  AFM  cantOevets 
to  allow  simoltaneons  opeiaticm  in  die  AFM  and  NSAM  modes. 
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1.4  OvwviMf  of  Dissortation 

The  principal  theme  of  thk  dissertation  is  the  use  of  nucrofalnicatioD  in  the  field 
of  scanning  probe  micioscq)y.  Central  to  all  scanning  probe  microscopes  is  the  t^, 
^lerefoie  a  discussion  of  various  microfabrication  processes  for  tips  is  i»esaited  in 
Chapter  2.  The  development  of  the  AFM  candlevers  with  conical  and  pyramidal  tips 
desciibediQChaplBr2  was  done  in  close  collaboiationvddi  Tom  Albrecht  Ch^terS 
describes  in  detail  die  fabticadcm  of  the  tetrahedral  tip  and  its  use  in  ARd.  Images  taken 
by  Rob  Barrett  and  me  with  various  tips  and  flat  cantilevers  are  shown  side  by  side  to 
demonstrate  the  positive  effects  of  having  sharp  t^  on  AFM  cantilevers. 

The  oqierience  maldng  nodctofabiicated  tips  and  cantilevets  was  heavily 
leveraged  to  design  and  demonstrate  the  NSAM  with  microfabricated  probes  in 
oollabocaiion  with  Babur  Hadimioglu  and  I¥q£.  Pierre  Khnri>Yaknb.  An  overview  of  die 
NSAltfs  history  and  a  dncr^on  of  the  NSAM  instrummitation  are  presented  in  Chapter 
4.  The  transmission  mode  operation  of  die  NSAM  is  described  in  Qu^ner  S.  Images 
taken  in  the  transmission  mode  are  shown  in  Quarter  6.  Theestectrostrictivemodeof 
operation  is  described  in  Chapter  7  and  some  early  images  taken  in  dus  mode  are  shown. 

Chapter  8  describes  a  microfabricalBd  STM  scanner  made  using  a  planar 
microfBbrication  inocess.  The  device  was  invented  by  Tmn  Albrecht  and  Mark  Zdebhck 
and  was  devdoped  in  a  team  effort  An  atomic  resdution  image  of  grsqdute  taken  using 
this  microfabricated  scanner  is  presented. 
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2.1  The  imporlanoe  of  Tip  Sharpness  in  Scanning  Probe  Microscopy 

It  is  ctxnmonly  imdastood  that  a  sharp  tip  is  necessaiy  to  do  scanoiog  probe 
microscc^  efifecttvely.  What  constitutes  a  "shaip"  tip  however  is  open  to  debate.  The 
tip  sharpness  necessary  is  a  fmictitHi  of  both  the  exact  ^pe  of  microscope  being  used  and 
the  nature  the  sample  under  study.  Generally  q)eakiiig,  die  more  sensitive  the 
interaction  signal  is  to  dianges  in  qMcing  between  die  tip  and  sample,  the  less  sharp  die 
tip  needs  to  be  adoeve  hi^  resolution.  In  addition,  a  flatter  sample  requites  a  less  sharp 
tip  for  hi^  qnali^  imaging. 

The  STM  is  a  good  example  of  a^pe  of  microsct^  that  does  not  necessarily 
need  a  sharp  tip  in  order  to  obtain  optimal  resotntion.  The  tunnding  curient,  which  is  die 
STM's  interaction  signal,  decreases  exponentially  with  inoeaang  qiacmg  between  the  tip 
and  sample;  dierefote,  even  if  die  t^  is  lelativefy  blunt,  high  resolution  images  of 
atcmiicalty  flat  samples  can  still  be  obtained  since  smne  atom  on  die  tip  usually  extends 
an  atmnic  radius  below  its  neighbors  and  conducts  most  of  die  tmiieling  cunent  (Kgute 
2.1  (a))  [1]. 

When  imaging  a  sample  with  surface  roughness  greater  dian  die  roughness  of  the 
t^,  die  tmmding  current  is  no  lon^  stticdy  confined  to  a  sin^  atom  (Hgure  2.1(b)).  hi 
this  case,  die  image  contains  artifacts  associated  widi  die  switching  of  the  omnding 
signal  firrantmeattmi  to  anodier  or  from  (me  atom  to  multiple  at(»ns.  Hence,  when 
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imaging  rough  samples,  even  a  microscope  that  relies  on  a  highly  distance  depmident 
interaction  signal  suffers  if  die  tip  does  not  have  a  radius  of  curvamie  less  dian  the 
relevant  features  of  die  sample. 


(a)  (b) 


Figaie2.1  a)  For  imaging  flat  sanqdes  using  a  microscope  like  die  STM 
txiiose  intetacdon  signal  dqieads  strcKigiy  on  distance,  even  a  relatively 
Unnt  tip  is  ^picaltycqiable  of  aciueving  optimal  lestdodon.  b)  When 
die  sample  has  roughness  comparable  or  in  excess  of  the  tqi,  multiple 
sonrces  can  contribute  to  die  image. 

Just  as  in  die  case  of  die  SIM,  a  btunt  AFM  dp  can  also  be  used  to  image  die 
atomic  coirugadons  of  fiat  samples  simply  by  relying  on  the  presence  of  local  a^ietides. 
The  first  AFM  to  obtain  images  of  atomic  corrugadons  used  a  fiat  cantilever  lacking  any 
extra  tip  (Figure  22)  [2].  In  AFM,  die  problem  of  tqi  sharpness  is  greater  than  in  the  case 
of  die  STM.  Since  interatomic  forces  sudi  as  van  derWaals  and  magnetic  forces  have 
relatively  kmg  decay  lengdis,  from  tens  to  hundreds  of  angsnxims,  the  intetacdrm 
between  die  dp  and  sample  is  rarely  confined  to  a  pair  of  atrmis.  Often  die  sample  has 
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Figure  22  This  sfliccm  nitride  AFM  cantilever  has  do  other  fiian  its 

sharply  tapered  end.  When  used  to  image  atomically  flat  samples 
however,  local  a^)erities  on  the  cantObver  act  as  tips  and  allow  the 
imaging  of  attnnic  corrugations.  The  cantilever  is  100  iim  long  and  0.7 
^m  thick. 

features  whose  sharpness  rivals  diat  of  the  AFM  tip  and  the  resulting  image  can  deviate 
substantially  from  die  actual  snrftoe  tc^)0grs9hy.  hi  Rgure  23  a  tqiwidi  finite  radius,  r, 
is  riiown  ttadng  a  tiendi  of  widdi,  w,  with  petfecdy  sharp  comers.  The  observed 
topography  (dashed  line),  shows  that  the  apparent  widdi  of  die  ttench  is  die  actual  width 
mmns  twice  the  tip  radius.  Since  die  et^es  of  the  trench  are  sharper  than  die  tip  itself,  the 
edge  in  effect  begins  to  image  the  tip  and  the  result  is  an  apparmt  edge  radius  that  is 
actually  die  radius  of  die  tip  itself.  In  the  case  vriim  w  is  less  than  2r  die  tip  does  not 
even  readi  the  bottom  of  the  trench. 
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I^;axe2.3  When  a  tip  widi  finite  ladius  is  nsed  to  image  a  zoogh  sample, 
the  apparent  topogrqdiy  is  a  convointioo  of  die  sanqile  topogrqdiy  and  the 
tip  shape. 

It  is  important  to  understand  that  the  original  upogr^y  of  the  surface  cannot  be 
letrievedbycharacterizingdietipshapeorbydecoovolvingitwitfadieiinageL  In  the 
process  of  tracing  dm  sanqdesorfiuewidi  a  blunt  tip,  inftxmatioD  is  actnally  lost  Rgnre 
2.4  demonsicates  gt3q[diicaUy  diat  die  same  tip  imaging  difietent  samples  can  produce 
identical  images.  It  would  be  impossible  to  distinguidi  between  these  three  samples  even 
if  die  tp  shape  were  known  exacdy. 

Ihe  first  tips  to  be  used  (m  AFM  candlevets  were  not  integral^  formed  with  die 
cantilever  but  instead  were  attached  to  die  cantilever  after  fabricadon  [3].  Attaching  tips 
individually  is  a  painstaking  and  irregular  process  i*hich  can  be  diminated  through  the 
use  of  microfabrication  to  create  tii»vdiich  are  integral  to  die  cantilever.  Since  1987, 
numerous  processes  for  mjctofahricating  t^  have  been  demonstrated  [4, 5, 6, 7].  Indie 
following  sections  several  of  these  tp  fabrication  techniques  are  discussed.  Th^  include 
demtmsttaled  processes  fin  conical,  pyramidal,  tetrahedral  and  truncated  blade  tps. 
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Figiiie2.4  The  true  topography  of  a  sample  can  not  becalcolaied 
deconvolving  the  measoied  imaged  wididie  known  shape.  Hie 
measuied  image  is  not  imiqiie  to  one  sanqite  topography  as  demonstrated 
here. 

In  addition  to  shaipness,  there  are  several  odier  deared  characteristics  for  AFM 
tips.  Ups  should  have  high  aspect  ratios  in  order  to  probe  into  deep  troiches  buttii^ 
should  not  be  so  thin  and  wfaip-hke  tiiat  tiiey  are  easfly  damaged  or  bent  by  lateral  forces. 
Radial  symmedy  is  desirable  in  order  to  obtain  good  images  regardless  of  the  cantilever's 
(xientation  with  respect  to  the  sample.  If  posable,  the  tips  should  point  away  from  die 
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bulk  of  die  substrate  so  diat  when  th^  are  fabricated  on  candlev^  the  substrate  does 
not  come  into  contact  with  the  sample  before  die  tip  does.  Tips  which  are  self-aligned  to 
the  cantilever  are  advantageous  since  the  location  of  the  tip  is  not  detennined  by  the 
legistradon  error  in  {diotoUdiography.  Finally,  if  at  all  possible,  tip  fabricadcm  i»ooesses 
should  include  or  be  compatible  with  sharpenii^  processes  not  only  to  increase  die 
sharpness  of  the  t^  but  also  to  improve  uniformity.  The  factors  sudi  as  high  aiqiect 
ratios,radialsymmetiy  and  odentadon  of  the  tip  affect  the  image  quality.  Thefactorsof 
sdf-alignment  and  ccunpadbility  widi  sharpening  processes  affect  the  mannfactmability 
of  die  devices.  Improving  image  quality  and  manufacturability  are  both  goals  of  this 
research. 

2,2  Conical  Tips 

A  type  of  t^  dial  has  the  shape  of  a  right  cone,  like  an  inverted  ice  cream  cmie, 
and  extends  perpendiculaiiy  from  die  soiface  of  a  cantilever  a  few  micrcHis  has  come  to 
be  known  as  "conical  tqis".  Conical  tips  are  cnneody  gaining  popularity  because  di^ 
can  be  made  from  sQicon  and  can  therefore  be  sharpened  uang  an  oxidation  sharpening 
technique  to  tqiiadh  of  less  dian  100  A  [8].  Thdraqiect  ratio  can  be  varied  over  a  large 
range  by  modifying  a  few  falaicatioo  parameters.  Omical  tips  are  radially  tymmetric  and 
pdnt  away  from  die  surface  of  the  wafer.  They  have  two  prindpal  drawbacks,  diey  are 
hard  to  widi  high  nnifcainity  and  diey  are  not  self-aligned  to  die  cantilever.  These 

minor  dioncomings  notwithstanding,  conical  tps  seem  destined  to  become  die  tq)  of 
choice  for  many  AFM  users. 
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12,1  Onncal  tip  &brication  process 

The  fabrication  process  for  conkal  tips  is  shown  in  Hguie  23.  The  fabrication 
begins  witii  the  panening  of  small  aides  of  masking  material  (Figure  2.5  (a)).  The 
niagiriti£  material  can  be  oxide,  nitride,  leficactory  metal  or  any  ofoer  material  that  is  not 
etched  in  the  silicon  etch.  The  thickness  of  foe  masking  material  dq)ends  on  the  desired 
height  of  the  tip  and  tiie  etch  sdectivity  between  the  masking  material  and  the  silicon 
substrate.  2000  A  of  oxide  is  sufGdent  to  make  10  pm  tall  silicon  tips  and  100  ^m  tall 
tips  can  be  made  using  1(X)0  A  of  evaporated  aluminum.  Next,  die  wafer  is  etched  in 
ehher  a  plasma  (V  wet  etchant  Aldion^  most  of  die  etching  occurs  in  die  vertical 
direction,  there  is  some  finite  undercutting  die  mask.  By  carefully  mtmitoring  die 
etching  process  dirongh  periodic  optical  infections,  die  etching  can  be  stopped  just  prior 
to  or  just  after  the  inaskinginatBrial  caps  have  fellen  off  (Hgnie  23(b)).  Ifdieetcliing 
time  is  too  short  the  tfs  are  not  fully  tfeied  to  a  point  at  the  fex  but  if  the  etdnng  time 
is  too  long,  the  cfs  fan  off  and  cease  to  protect  die  tip.  ff  die  tip  is  left  in  die  etdung 
enviranment  without  its  protective  cf ,  die  tip  is  immediately  attadbed  at  its  apex  and 
nqntfly  loses  its  sharpness.  In  practice,  wdien  using  plasma  to  etdi  the  sOicmi,  the  caps 
usually  fall  off  and  cmne  to  rest  against  the  tf  as  shown  in  Hgme  23  (b)  and  diereby 
afford  a  lew  extra  minutes  of  protection,  hi  die  final  stqp  of  die  fabrication  process,  die 
caps  are  setectivdy  removed  and  the  tips  are  esqiosed  (Bguie  23  (c)). 
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^  photoresist 

III  oxide,  aluminum,  nitride,  etc. 
I  I  silicon 


a) 


b) 


c) 

Rsme  2.5  To  fabrics  ted  coiucsl  tips  a)  a  niadring  maiwiai  such  ss  oxide 
is  pattemed  into  ciicles.  h)  Pry  nr  fftching  of  tfift  ailiiym  imdfrnffS  rtie 

masidiig  material  and  yields  conical  c)  To  fnity  expose  the  tqs,  die 
masking  material  is  selectively  removed. 

2JZ2  Qzidalioiishaipciaingttfsilieaot^ 

The  most  serious  disadvantage  of  the  conical  tip  process  is  diat  die  ^rrhing 
cooditkms  and  durations  are  critical  fOT  the  proper  formation  of  tips.  Since  etching  rates 
and  dnratums  are  die  two  least  controllable  fabrication  parameters,  a  fabrication  process 
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that  idles  heavily  on  them  is  usually  very  difficult  to  r^rduce  from  wafer  to  wafer  or 
even  across  a  single  wafer.  Plasma  etching  is  very  non-uniform  so  that  die  tips  in  the 
center  may  take  longer  to  form  than  the  tips  at  the  perimeter  of  the  wafer.  If  wet  etching 
is  used,  the  etch  time  beccnnes  mote  critical  since  the  caps  are  washed  away  in  the  etchant 
and  the  tips  are  quickly  attacked. 

In  order  to  make  the  tips  sharper  and  at  the  same  time  increase  tiieir  unifonnity, 
silicon  conical  tips  can  he  sharpened  using  a  low  temperatme  thmmal  oxidation  process 
[8].  This  sharpening  iKOcess  is  quite  simple  and  elegant  By  using  this  technique,  it  is 
possible  to  make  many  tips  with  radii  less  than  100  A  widi  good  unifonniQr.  Afterthe 
t4>s  are  formed,  diey  are  dietmally  oxidized  at  9S0**C  to  form  an  oxide  layer  2000  A  to  1 
pm  in  duckness.  When  die  oxide  is  setectivety  removed  in  a  HF  add  solution,  die 
resulting  silicon  tips  are  sharper  and  have  hitler  aspect  ratio  dian  they  had  prior  to 
oxidation.  The  medianism  of  oxidation  sharpening  process  is  described  in  detail 
elsewhere  [9, 10],bntitcanbenndmstoodfromabtiefe3q>lanation. 

When  silicon  is  dieimally  oxidized,  it  esqiands.  Due  to  geomecric  factors,  die 
oxide  in  lii^y  convex  repons  can  not  expand  as  fully  as  die  oxide  grown  in  flat  r^ons. 
When  the  oxide  can  notfuUy  eiqiand,  stress  builds  iq>  in  die  film  and  reduces  die 
difiosiviiy  of  incmning  oxidizing  ^lecies.  Since  diidr  oxide  fotmatitHi  is  a  diffbsimi 
limited  process,  the  reduction  in  difihsivx^  results  in  a  slower  oxidation  rate  in  convex  as 
compared  to  flat  regitxis.  Ihe  net  effect  of  these  factors  is  that  die  tiliccm  on  die 
sidewalls  of  the  tip  tends  to  oxidize  more  raindlydianalicon  at  the  apex  of  die  tip.  The 
consumption  of  sflicmi  prefisrentially  from  the  sidewalls  has  the  ^ect  of  inmeating  the 
tips'  aqiect  ratios  and  reducing  dieir  tip  radii.  Aldion^  the  conditions  exist  to  produce 
this  phenomenon  using  other  substrate  matmials  such  as  iron,  die  (»ily  oxidation 
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shaipeaedAFMt4)sdem<mstraiBd  to  date  have  been  iDade  from  silicon.  Aslighdy 
diffecent  ondadoD  sharpening  process  discussed  in  Section  132  has  been  used  to  maiw» 
sharp  tips  of  silicon  nitride. 

2.3  Pyramidal  Tips 

Pyramidal  tqtped  cantilevers  ate  the  most  widdy  used  AFM  candlevets  in  die 
wmid.  Th^  were  initially  favored  for  two  reas(ms.d>eirnnifotmity  and  their  radial 
quasi-symmetty.  Their  nmnetous  disadvantages  indnde  the  fact  that  without  sharpening, 
they  are  can  tardy  be  made  much  diatper  than  SOO  A  radios  of  cntvatnre.  they  are  not 
self-aligned,  dieiraqiect  ratio  is  approximately  0l5  and  when  first  fabricated,  diey  point 
into  die  bulk  of  die  snbsttxte.  AH  of  these  disadvantages  however  ate  connietbalanced  by 
three  factors:  the  tdadve  ease  of  fahricating  the  jyyrarnidal  tips,  the  devdoptnent  of  a 
mediod  for  flqtpuig  the  tqis  iqiside<down  onto  a  seccmd  substrate  [4]  and  the 
demonstradcmofatedmiqiietosharpentfaetqisto  100  Aradins[ll]. 


The  faMcadon  of  die  pyramidal  tip  begins  with  die  patterning  of  small  square 
wiiKkiwsiiitoamaskmginaterialona(100)riliconwafer(Hgate2.7(a)).  Thewindows 
are  oriented  so  that  dieir  sides  ate  parallel  to  (110)  planes  in  die  silicon  wafer.  The 
masking  material  can  be  oxide,  rdttide,  heavily  doped  silicon  (HT  various  metals.  The 
esqposed  silicon  is  dien  etdied  in  an  anisotropic  dchant  sudi  as  a  potasrium  hydroxide 
(K(Xl)/water  or  an  ediylenedianiine/pytocaaechol  (EDP)^vater  soludon  [12]. 
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Hgciie2.6  a)  Conical  tips  after  initial  fabricadon  vaiy  in  shaipness  across 
tile  wafer  and  have  typical  radii  of  curvatnie  of  qjpioxiniately  500  A.  b) 
When  die  tip  are  oridLaed  at  950  ^  to  yidd  several  thousands  of 
angstroms  of  oxide,  die  oxide  growth  is  non-unifoim.  c)  When  die  non- 
imiftHm  oxhfe  is  selectively  removed,  the  resnlting  silicon  tqis  can  have 
radii  of  curvature  less  than  100  A. 
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Tliese  eiduoits  etch  silicon  in  the  [100]  diiectioD  up  to  400  times  faster  than  the 
[111]  diiecdtnis  [12]  therefore  when  the  silicon  in  these  windows  is  etched  die  «tehing  is 
very  rqnd  in  the  vertical  dicectitm  bat  slows  down  almost  to  a  stop  whmi  a  (111)  plane  is 
encoanteted.  Since  siUcon  has  a  diamtxid-like  crystal  stmctme.afto' a  certain  amount  of 
etching  in  die  [100]  direction,  the  pit  terminates  with  die  meeting  of  four  (111)  piane-g 
The  resolting  pithas  die  shr^  of  a  pyramid  with  its  iqiex  pointing  downward  into  die 
bulk  of  the  sabstraie(Bgnie  2.7(b)).  The  t^  is  formed  by  casting  the  desired  t4>  material 
into  die  pyramidal  pit  and  dtereftne  this  fabrication  technique  is  smnetimes  referred  to  as 
a  microcasting  tedmique  (Figure  2.7  (c)).  11m  tip  material  can  be  oxide,  mtiide, 
polyattcon,  metal  (v  heavily  borrmdqied  single  crystal  silicoiL  Once  the  tip  material  has 
been  dqiosited  die  can  be  tcansfistred  to  a  l^rrex  glass  substrate  by  anodic  bonding  if  it 

is  desired,  as  in  AFM,  diat  the  t4>  point  awi^  from  the  bulk  of  the  substrate  O^igure  2.7 
(d))[4].  The  original  sitictHi  substrate  is  selective^  removed  by  etdiing  again  in  KCH  or 
EDP  and  the  t^  is  fully  exposed  (Rgure  2.7  (e)). 

2JL2  Shairpcniiig  of  microcast  tips  by  low  tempcrafnie  ooddalioai 

Sharpo*  t^  widi  slighdy  higher  aqiect  ratios  are  obtainable  using  die 
microcasting  techniqoe  in  adiidi  the  interior  contour  of  die  pyramidal  pit  is  first  modified 
by  a  low  temperature  silicon  oxidation  (Fig.  2i0.  Like  die  mddationsharpeniiig  process 
desciibedinSection2.2.2,theiiucrocastshaipeningprooessalsore]iesQndmiKm- 
umfotm  growth  rate  oflow  temperature  dientnal  oxide.  In  dus  case  however,  die  process 
ntiliTgs  thin  oxides  at  concave  r^ons  not  die  convex  regimis  of  the  previous  process. 
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a) 


oxide  or 
nitride 


Hgiiie2.7  a)  The  pyramidal  tip  fabocadcHiinocessb^inswidi  die 

p5ittiMiring  of  a  small  aqnam  apartim  m  an  mridp.  or  nitrifift  masking 

material  OQ  a  (100)  silicon  wafer,  b)  Anisotropic  wet  etching  creates  a 
pyramid  studied  pit  whose  adewaUs  are  (111)  planes,  c)  The  desired 
cantilever  and  t^  material  are  cast  into  die  mold,  d)  A  cantilever  is 
patterned  and  bonded  to  a  second  substrate  soch  as  Pyiex  7740.  e)The 
silicon  substrate  is  selectively  removed  to  leave  a  fiptre-standing  cantilever 
with  integral  pyramidal  t^. 
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Figaie2.8  Undiatpent^pyianudalt^canbefonnediiil^taDyon 
AFM  cantOevers.  TheirpnslMBpeaedraduofcnrvanireisapproid^ 

500  A. 

By  patteEoing  ifae  tip  material  U  is  posaUe  to  fonn  candlevers  with  int^ral 
pyramidal  tq>s  such  as  die  one  shown  in  Hgoie  2.8  [4]. 

The  mechanism  for  die  dqiressed  oradadoo  late  in  concave  r^ons  is  slighdy 
(fiffeient  from  die  medianism  in  die  conv»  regions,  hi  die  concave  regions,  the  oxide 
growdi  rate  is  depressed  l^geometncal  factors.  Dnetod)econcavi9,diesQrfiBcearea 
available  for  accepting  incoming  oxidizing  qwdes  is  smaller  than  die  sniface  area  of  die 
siliccm  available  for  reaction  at  die  sOicon/oxide  interface.  The  densi^  of  oxidi^g 
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speaes  is  smaller  therefore  in  concave  areas  than  flat  areas  and  die  oxidation  rate  is 
cotre^iondingly  depressed.  This  effect  is  responsible  for  observad(»s  of  thinnw  oxide 
films  at  edges  of  ridges  and  in  the  comas  at  the  bases  of  vertical  walls.  At  high 
oxidation  tempoatures,  above  1050  X  ^pically,  this  effect  is  not  as  pixmoimced  since 
the  oxide  undergoes  viscous  flow  and  smoodies  out  areas  of  high  concavity  [9, 10]. 


(a) 


Silicon 

Nitride. 


/ 


Silicon^ 

Dioxide 


(b) 


Figure  2.9  a)  In  die  standard  pyramidal  tq>&bdcadan  process,  a 
pyramidal  int  is  etched  into  a  (100)  silicon  wafer  and  die  tip  material  is 
cast  direcdy  into  die  cavity,  b)  In  die  microcast  sharpening  process,  die 
interior  contour  of  die  {tytainidal  pit  is  first  modified  Ity  a  non-umform 
diennal  oxide  before  die  t^  material  is  cast  The  lesulthig  dps  are  sharper 
and  have  higher  aspect  ratios. 

To  determine  die  sharpoiing  diaracteristics  of  die  microcast  sharpening 
tedmique,  an  expoimait  was  ccmducted  making  pyramidal  tips  using  various  diickiresses 
of  oxide  all  grown  at  950  X  [1 1].  Other  dian  dre  indnsitHi  of  die  oxide  layer,  the  process 
used  is  identical  to  diat  of  convendonal  pyramidal  tq>s.  Several  nitride  coaled  (100) 
silicon  wafers  were  photolithographically  patterned  widi  squares  varying  in  size  from  2  to 
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25  microns.  An  SF6  and  C2CIFS  plasma  was  used  to  transfer  the  pattern  to  the  nitride 
fUm.  Tbe  silicon  in  the  ciqKised  squares  was  «ched  in  a  KOH  and  water  solution  (30% 
hy  weight)  at  60  for  2  hours  using  die  nitride  film  as  a  ma.<iring  material  The  ^ch 
rate  of  alicon  dioxide  and  silicon  nittide  in  the  KOH  solution  is  less  much  than 
SOA/minute.  At  this  temperatuie,  die  etch  rate  of  silicon  in  die  [100]  direction  is 
approximately  0.4  microns^minnte  [13].  In  tmler  to  ensure  that  the  pyramidal  pits  would 
all  be  terminated  as  much  as  possible  by  intersecting  (111)  planes  die  etcb  time  used  was 
100%  greater  dian  would  be  necessary  for  the  formation  of  25  micrtm  deep  pyramidal 
pits.  Theetch  was  drme  at  60^  to  enhance  the  anisotropy  ratio  between  the  tfcfa  rates  in 
the  two  dhectioiis  even  fnrdier  in  hopes  of  obtaining  a  sharper  pyramid  Am  wtwld  have 
resulted  by  nchhig  at  80  At  80  ^  K(^  etches  silicon  in  the  [100]  direction 
approximately  4(X)  times  faster  than  in  the  [111]  directitm  and  the  anisotiopy  of  die  etdi 
increases  exponentially  widi  decreasing  temperature. 

After  the  pyramidal  pits  were  formed,  the  wafers  were  sqiaratcd  and  silicon 
dioxide  films  of  varying  dricknesses  were  grown  (»  each  wafer  in  steam  at  950 
Target  oxide  dnctaiesses  tanged  from  0  A  to  10,000  A  in  increments  of  2000  A.  The 
actual  ducknesses  obtained  are  as  follows;  0  A,  1830  A,  3890  A,  5240  A,  7820  A  and 
9S00A.  Tbe  made  ducknesses  were  mei^rored  on  die  (100)  wafer  smface  in  a  r^oD  far 
from  a  iwt  using  a  Nanoqiec  optical  interferroneter  system.  The  wafers  were  then  all 
cleaned  simultaneoudy  in  a  modified  RCA  cleaning  process  including  a  30  secmid  etch 
in  50:1  buffered  oxide  etch  (BCS).  The  esqiosure  totbe  BOE  was  brief  but  may  have 
resulted  in  a  slight  modification  of  the  oxide  surface  ctmtour  of  eadi  sample.  Next,2000 
A  of  siliccm  nittide  were  dqiosited  on  all  the  wafers  by  low  pressure  diemical  dqxisition 
(LPCVD)  at  a  deposition  temperature  of 775  Large  rectangular  openings  were 
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patterned  on  tbe  back  sides  of  the  wafers  and  the  exposed  silicon  was  etched  in  KOH 
solmion  completely  through  die  wafers  leaving  only  membranes  composed  of  silicon 
nitride  and  rilicon  dioxide  at  the  front  surface  of  die  wafers.  After  the  silicon  etch  was 
ccmtpleted,  die  inverted  nitride  and  silicon  dioxide  pyramids  could  be  seen  direcdy  with 
an  optical  microscope.  The  oxide  was  then  selectively  ranoved  from  each  wafer  by 
etdiing  in  6:1  BOE  for  a  period  appropriate  for  completely  etching  the  oxide  on  each 
wafer  plus  an  additional,  fixed  time  of  3  minutes  for  each  sample  including  the  sample 
vriiidi  had  no  thermal  oxide.  After  the  oxide  was  removed,  100  A  of  gold  were  ^uttned 
on  bodi  sides  of  die  sflictm  nittide  manfaranes  to  reduce  charging  in  the  gcanntng  dection 
microscope  ($EM). 

A  SEM  eqniiqied  widi  a  sample  stage  uiiich  held  all  samples  at  die  same,  fixed 
angle  was  used  to  examine  the  samples.  Carbon  contamination  can  build  up  on  die 
sample  quickiy  during  hi^  magnification  ima^g  in  the  SEM;  therefore,  it  is  important 
to  obtain  photos  of  the  samples  qmddy  before  the  ctmtamination  can  significandy  alter 
die  shqie  of  die  tp  under  study.  Before  making  doailed  examinations  of  a  sample,  the 
tqi  umfmmity  over  die  sample  was  confirmed  by  imaging  lyproximately  20  tips. 
Focuang  dosefy  on  a  single  tqi,  die  beam  astigmadon  was  corrected  and  the  photo 
eiqxisine  time  was  determined.  The  definitive  photogr^h  was  taken  of  an  adjacent  t4>  so 
as  tt>  minimize  die  tqi's  esposme  to  the  dectnm  beam.  The  radii  of  curvature  and  dm 
a^iect  ratios  of  the  dps  were  measured  ftom  die  idiotogttqihs.  We  define  die  aspect  ratio 
as  the  ratio  of  die  last  1000  A  in  height  of  the  dp  to  the  full  widdi  of  die  dp  at  a  pcnnt 
1000  A  down  fiom  its  apex.  The  1000  A  value  was  chosen  because  it  is  relevant  to  the 
mesoscqnc  structmes  vriiich  lie  between  the  angstrom  scale  of  atomic  features  and  tbe 
micron  scale  of  macroscopic  structures. 
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Figure  2.10  a)  Up  A  had  no  oxide  and  a  450  A  radius  dp.  b)  Tip  B  bad  1830  A  of  oxide  and  a  250  A  radius 
c)  Tip  C  had  3890A  of  oxide  and  was  the  sharpest  dp.  Its  radius  is  1 10  A.  d)  Tip  D  had  5240  A  of 
oxide  and  a  130  A  radius  dp.  e)  Tip  B  had  7820  A  of  oxide  and  a  180  A  radius  tip.  0  Tip  P  had  9500  A  of 
oxide  and  a  240  A  radius  dp. 
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Tip 

Oxide  Thidoiess 

Tip  Radius 

Aspect  Ratio 

A 

OA 

450  A 

0.36 

B 

1830  A 

250A 

0.64 

C 

3890  A 

110  A 

0.95 

D 

5240  A 

130  A 

1.0 

E 

7820  A 

180  A 

1.0 

F 

9500A 

240A 

1.0 

Table  2.1  The  oxide  fliiclmesses  used  to  fabricate  microcast  sharpened 
t4)s  are  shown  in  Ais  table.  The  t4>  radii  and  aspect  ratios  were  measured 
from  SEM  photos. 

SEM  photographs  of  the  resulting  tq»  are  shown  in  Hgnre  2.10  (a-0  and 
measured  parameiBts  are  listed  in  Table  2.1.  T4>  Ahasanaspectratio  v«diidiis51% 
lower  than  die  value  of  0.7  calculated  from  a  simple  geometric  consideration  a 
pyramidal  pit  bounded  by  four  (1 1 1)  planes.  On  the  sample  containing  Tip  B,  two 
distinct  types  of  tq>  singles  were  observed.  Appioximaiely  30%  of  die  tips  tenninaied  in 
a  point  as  does  the  tip  in  Hgnre  2.10  (b)  but  the  remainder  of  the  ti^,  even  those 
diiecdy  nei^iboting  diis  one,  terminated  in  a  cl^  shape  with  two  points  sqiarated  by  a 
slight  indentation.  This  may  have  been  due  to  die  oxide  faces  firom  the  adewaUs  barely 
meeting  in  some  of  the  pits  while  not  quire  meeting  in  others.  Another  cause  of  these 
cleft  tips  may  have  been  that  the  pyramidal  pits  terminated  not  at  a  point  but  radier  in  a 
knife  blade  structure  causing  a  cleft  shaped  tip  with  sharp  horns  cone^xmding  to  each 
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end  of  die  original  knife  blade.  This  appears  unlikely  however  since  knife  blade  were 
not  observed  on  any  of  die  other  samples. 

The  sharpest  dps  weie  fabricated  in  molds  that  had  3890  A  of  oxide.  TlpCin 
Hgme  2.10  (c)  is  rqnesentadve  of  these  dps,  having  a  radius  of  curvature  of  110  A  and 
an  a;q)ea  rado  of  0.9S.  Over  95%  ofthe  tips  examined  on  this  sample  had  similar  radii  of 
curvature.  AUdietipsindiissmdy  were  coveted  widi  100  A  of  fluttered  gold  before 
iTng£in£  in  the  SEM,  so  die  actual  radii  of  curvature  of  diese  tqis  may  be  lower  dian  diose 
measured  fiom  these  SEM  {diotos. 

The  gn^  in  Hgure  2.11  shows  die  trends  for  the  radius  of  curvature  and  aspect 
ratio  as  a  function  of  rite  oxide  duckness.  The  radins  of  curvature  drops  significantly 
finnnaradtnsQfdSO  Afornooxideto  110  Aforoxidediicknessafiqito  3890  A. 

Beyond  diat  oxide  duckness.  die  radins  actually  begins  to  rise  riif^y.  The  aspect  ratio 
foDows  a  similar  trend,  improving  rapidly  for  oxide  diictaiesses  of  0  A  to  3890  A  and 
flattening  out  thereafter.  The  &ct  that  bodi  corves  turn  over  at  an  oxide  dudmessaroand 
3890  A  may  be  ituhcadve  of  die  meeting  of  die  oxide  faces  fitom  die  sides  of  the 
pyramidalpit.  The  optimal  oxide  thickness  is  probably  detemuned  by  die  geometry  of 
die  original  pit 

A  comporite  %  of  oxide  and  nittide  can  be  falnicaied  if  die  oxide  is  only  partially 
removed  fiom  die  nitride  tqiCFignte  2.12).  If  a  cmuhictivemataial  such  as  polysilicon 
ormetal  were  used  in  place  of  die  nitride,  an  insolated  tqi  widi  a  conductive  center  would 
resnlL  Such  a  tip  could  be  useful  in  applications  such  as  scanning  electiochmnical 
microsctqiy  [14]  or  scanning  ion  conductance  miooscopy  [IS]. 
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Aspect  Ratio 

Radaisor 

Cuivature 


Oxkte  Thiekness  (A) 


Hgaie2.ll  Tbe  t4)s’ radii  of  corvatoie  drops  suddenly  with  iocieasing 
(node  thickness  before  reaching  a  minimum  at  an  oxide  thickness  of 
approximately  3890  A.  The  aqtect  ratios  lise  to  a  valtm  of  1  is 
hig^  dian  die  geometrically  predicted  value  of  0.7. 

If  die  silicon  nitride  were  selectively  removed  from  die  center  while  leaving  die 
oxide  covering,  a  hollow  tip  could  be  fabricated  for  use  in  applications  such  as  oear-fiesld 
critical  microscopy  [16, 17]  and  biolopcal  microset^y  where  micro  pipettes  are  presendy 
being  used. 
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various  materials  may  find  applicadons  in  other  leseaich  areas  such  as  microvacuum 
electronics. 

2.4  Tetrahedral  Tips 

Tetrahedral  tq^s  are  single  crystal  silicon  t4>s  ^riiich  are  made  using  a  combination 
of  anisotropic  dry  and  wet  etches.  The  princ4>al  advantages  of  the  mtrahedral  tips  ate  diat 
tetratedral  tips  have  higher  aspect  ratios  than  pyramidal  t4>s,  point  away  fimn  the  bulk  of 
die  substrate  as  falxicated,  are  self-aligned  and  are  self-shaipened  to  as  low  as  100  A  radii 
ofcurvature.  This  section  describes  die  fabrication  of  die  t^s  alone  uiiileCluqiter  3 
describes  dip  faiaicatitm  of  tetrahedral  on  nitride  cantilevers  and  their  use  in  AFM. 

The  fabricatimi  process  begins  with  die  dqiositimi  of  nitride  on  a  siliccm  (100) 
wafer.  A  post  with  sharp  cmnets  pointing  in  the  <10Q>  ditectkms  is  plasma  etched  into 
the  silicon  using  die  nitride  and  photmesist  as  masking  materials.  The  wafer  is  them 
dKctnally  oxidized  at  950  ^  sudh  dial  the  exposed  silicon  everywhere  is  coveted  widi 
oxidebotdienitiidecq>isuna£EBCted<Hgnie2.13(a)).  The  nitride  is  sdectivdy 
removed  in  hot  {diosphoric  add  (x*  in  a  SRs^sBr  plasma.  After  the  etdi,  die  rilicon 
interior  ofdie  post  is  exposed  fixxn  the  top  milyOE^^tire  2.13(b)).  Ibemteriorofdiepost 
is  eldied  using  a  wet  anisotropic  etdiamsodi  as  KOH  or  EDP.  These  etchants  can  not 
effectivdy  attack  die  tetrahedral  volumes  in  the  comers  of  die  posts  since  these  volumes 
are  bounded  on  dieirsides  by  oxide  and  on  didr  face  by  siliccni  (111)  planes  (Hgnte  2.13 
(c)).  The  tips  are  finally  eaqxised  by  the  selective  ranoval  of  die  oxide  sidewalls  in  an  HF 
solirtion. 

It  is  sometimes  assumed  that  die  tetrahedral  tips'  sharpness  is  limited  by  the 
resolntion  of  die  lidiogtaphy  process  used  to  pattern  die  initial  post  This  is  not  die  case 
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however  sioce  the  posts'  sidewalls  aie  diennally  oxidized  at  a  low  temperature  to 
die  mm-unifonn  oxide  growth  discussed  in  Secdcm  22.2.  As  in  die  case  of  the  ctxucal 
siHcon  tips,  the  non-uniform  oxide  growth  sharpens  the  cornets  of  die  post  to  a  sharp 
blade  since  die  corner  represents  highly  convex  regions.  The  apmt  of  a  tip  is  therefore 
defined  by  a  (111)  plane  intersecting  a  very  sharp  vertical  edge  at  the  comer  of  a  post 
(Hgnre  2.13  (b)).  When  fiilly  formed,  if  further  sharpening  is  desired,  die  tips  can  be 
mddizBd  again  to  undergo  further  oxidation  sharpening. 

2JS  TruncaAed  Blade  Tips 

Truncated  blade  tips  are  similar  in  shipe  to  tetrahedral  t^  but  they  extend  from 
die  edge  of  die  wafer  radiertiian  extending  petpendiculaiiy  from  its  face.  Ahhnngh 
sharp,  with  ^  radii  as  low  as  200  A,  because  of  their  geometry  truncated  blade  tqis  have 
yet  to  be  used  in  any  microscope. 

Th^  ate  fabricated  by  fotming  a  Made  structure  on  one  sicte  of  die  wafer  and  dien 
truncating  die  Made  widi  an  intersecting  (111)  plane,  eiqxised  1^  wet  anisotnpic  etching. 
The  resulting  tip  juts  out  from  die  edge  of  die  wafer  and  has  a  shape  lon^y  defined  by 
die  intersection  ttf  dnee  (111)  planes. 

To  fabricate  a  troncated  Made  tip  it  is  first  treoessaty  to  create  a  sharp  Made 
structure.  Aldioa^  a  Made  can  be  made  lousing  undercutting  as  done  in  die  conical  tqi 
fabrication  process,  diis  method  as  prevrously  described  is  not  highly  dearable  since  die 
inaskiiig  rnateiial  can  fall  and  overetchir^  die  blade  can  result 

blade  structures  can  be  made  by  patterning  a  large  straight-edged  feature 
into  a  nitride  film.  When  etdied  in  a  wet  anisotropic  etchant  dre  side  profile  lodes  as 
shown  in  Figure  2.1S  (a). 
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Hgiiie2.13  a)  A  vettical-waUed  post  widi  nitride  top  and  oxide  sidewall 
is  fidnicated  by  plasma  aching  and  dienzialoxidatKML  b)  The  nitride  cap 
is  sdectivdy  removed  to  expose  die  silicon  interior,  c)  The  sQicon  is 
aoisotropically  etched  in  a  wet  etchant  such  as  K(^  or  EDP.  d)  The 
oxide  sidewalls  are  selecdvely  removed  to  expose  the  dp. 
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Fully  fonned  t^rahedral  tips  are  shown  in  Hgure  2.14.  By  varying  the  size  and 
sht^  of  die  (Kiginal  post,  differing  configurations  of  t^  can  be  made.  The  tips  ate  self- 
aligned  to  die  oxneis  of  die  posts  and  they  point  away  from  die  bulk  of  die  substrate.  A 
further  advantage  of  die  tetrahedral  tip  fahricafion  inocess  is  dtat  it  does  not  niy  on  any 
critical  etching  stqis.  ff  the  wet  etdi  is  done  for  too  long,  die  hd^t  of  the  tip  increases 
bnt  its  shi^  does  not  change.  This  mahes  die  tetrahedral  tip  fabrication  very  robust  and 


Hguie2.14  Tetrahedral  t^  can  be  fonned  firom  posts  of  varying  azes. 


The  wafer  is  then  diennally  oxidized,  at  9S0  if  sharpening  is  desired  (Bgnre 
2.15(b)).  The  nitride  is  sdecdvefy  removed  and  the  exposed  silicon  is  etched  in  an 
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a) 


11111 


silicon  (100) 


nitride 

y' 


thermal  oxide 

«  \  ^ - 


HgDie2.1S  a) AnitridemaskispattBniedtohavealongsinuglitedge 
paraM  to  die  {110}  planes.  'Il)ee:q)OsedsilicoQisdieowet 
anisotiopicallyetdied.  b)  The  e^qxjsed  silicon  is  ihexmally  oxidized,  c) 

The  nitride  is  sdecdvdy  removed  and  die  newly  esqiosed  alictxi  is 
anisotco(ncally  etched,  d)  The  folly  fonned  blade  stnictnre  is  revealed 
vriien  the  oxide  is  mnoved. 

anisotzoidc  etdiant  ^igore  2.1S  (c)).  Whoi  die  oxide  is  selectively  removed,  a  blade-like 
strocture  is  left  (Hgnre  2.15  (d)). 


This  method  of  making  blades  is  mcne  reproducible  dian  the  uodercotdng 
tediniqne  ance  overetching  only  changes  the  rdadve  heights  of  the  flat  areas  adjacoit  to 
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die  blade  stractme  but  does  not  lesoltin  additional  aching  at  die  apex  of  the  blade.  In 
addititMi,  tbe  low  temperature  oxidadcm  step  can  sharpen  the  blade. 

Once  tte  blades  have  been  formed,  diey  are  protected  by  eidier  a  dermal  oxide  or 
LPCVD  nittide  layer.  Then  lai]ge  windows  are  patterned  from  tte  badcside  of  die  wafer 
and  etched  in  an  anisotropic  etchant  The  anisotropic  etchant  fcmns  a  pit  whose  sides  are 
bound  by  (111)  planes  and  vdien  diese  planes  intersect  the  blade  at  die  front  surface  of  the 
wafer,  a  tip  is  formed  at  the  intetsectitm  of  die  duee  (111)  planes  (Hgnre  2.16).  Tliese 
tqis  are  highly  iqnodncible  and  can  be  quite  sharp  as  shown  in  Figure  2.17  (a,b). 


Hgnre2.16  Truncated  Made  tips  are  formed  at  die  intersection  of  three 
(111)  planes. 
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Hgnxe2.17  a)  Tlie  tnincaied  blade  tips  ate  highly  rcprodndWe.  b)The 
radius  of  curvatmc  of  this  tip  is  170  A  even  after  being  covered  with  100 
A  of  ^mttered  gold  for  SEM  imaging. 
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3.1  Atomic  Force  Microscopy  Using  Cantilevers  With  Tetrahedral 
Tips 

Li  AFM  a  foR»-sensing  cantilever  is  htDoghtiiito  close  proximity  of  a  samfde  so 
fcat  very  small  forces  betweai  the  cantilever  and  &e  sample  can  be  detected  Thefoiceis 
measnced  Ity  mooitoring  tiie  di^lacement  of  die  cantflevo*  that  has  a  Imown  focoe  constant 
A  two-dimensiooal  mtq^nng  of  sm&ce  forces  can  be  obtained  if  die  san^  is  scanned 
imder  the  tip  in  a  raster  fashion.  While  its  lateral  lesolndoii  is  not  as  ht^  as  that  of  the 
STM,  the  AFM  has  at  least  one  advantage  over  STM  wbidi  is  its  ability  to  image  insnlatocs 
as  well  as  oondnctois.  Hds  makes  AFM  ided  far  investigation  of  atomically  flat  samples 
[1],  integrated  drcoit  devices  [2],  polymers  [3],  Inological  ^ledmens  [4]  and  other  samples 
which  have  lelativety  poor  coadnctivity. 

Ibe  force-sensing  cantilever  is  a  ctndalconqionent  in  an  AFMs.  Microfalnicated 
cantilevers  ate  ide  for  use  in  AFM  stnce  dwy  have  both  low  force  constants  and  high 
medianical  resonance  fineqnendes.  [1,5]  KBcrofahricated  cantilevers  widiont  tys  can  be 
used  to  image  atomically  flat  samples  since  diere  exits  some  asperities  ^tedi  serve  as  local 
even  on  flat  cantilevets.  The  need  for  a  sharp  tqiwidi  a  high  aspect  ratio  arises  vriien 
sanqdes  with  rough  smfaces  are  imaged.  When  imaging  rough  samples  widi  a  flat 
cantilever,  midtiide  aqierities  can  interaa  with  die  sample  in  diffetent  locati<»s  and  create  a 
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inutge  comprised  of  miilt4>le  agnal  sources.  These  artifetets  am  most  pronounced  in  areas 
of  die  sample  that  have  vertical  walls  and  <teq>  trendies. 

In  the  past,  researchers  have  used  sharpened  wire  cantilevers  [6],  flat 
microcantilevers  without  tips,  or  cantilevers  widi  tips  attached  by  hand  [4].  More  recently, 
mdtods  for  microfabricating  cantilevers  with  sharp,  integral  t^  have  been  presrated  [7, 

8, 9,  IQ).  The  cantilever  widi  tetrahedral  tip  presented  in  this  duqiter  has  numerous 
advantages  over  most  of  the  previous  designs.  The  tetrahedral  tip  can  have  radius  of 
curvature  less  dian  100  A  due  to  die  diaipening  ^ect  of  a  low  tempenonre  thermal 
oxidadon  process  that  is  an  inherent  part  of  die  device  fabrkatiQn  process.  The  tetrahedral 
t4>  is  very  tegular  and  reproducible  since  its  sh^  is  detennined  by  wdl-conindled  dry 
etdnng  processes  and  alicoocrystanogtai^  geometry.  The  tetrahedral  tips  ate  made 
uang  a  sdf-aligned  process  tiaat  ensures  that  eadi  tip  is  formed  only  at  the  very  end  of  each 
cantilever.  HnaBy,  the  tetrahedral  ty  can  be  mn^taUyfrimeated  on  a  sifictm  nitride 
cantilever.  Siliconnitiideisanidealcantilevermaietialsiiioeitsyiddstrex^of  14x  10^0 
ttyrms/cn^  is  ron^y  twice  diat  of  silicon  dioxide  cn  single  crystal  silicon  [1 1]. 

3.2  Tetrahedral  Tipped  Cantilever  Fabrication  Process 

The  process  for  fsbricatmg  a  self-aligned,  tetrahedral,  singile  crystal  sflierm  tip  on  a 
didectric  candkver  is  shown  in  detsdl  in  Hguie  3.1. 
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Figure  3.1  a)  llieprcx^ss  for  creating  cantilevers  wift  integral  tips  begins 
with  the  fabdcadon  of  a  fiee-standing  silicon  and  alicon  nitdde  cantilever, 
b)  Exposed  silicon  surfaces  are  selectivdy  oxidized,  c)  The  nitride  is 
removed  from  the  fifont  of  die  wafer  and  the  e:q)osed  silinxi  is 
anisotropically  etdied  leaving  a  tetrahedral  volume  at  the  end  of  die 
cantilever,  d)  Sdective  removal  of  die  ^con  dioxide  exposes  the  finishftft 
cantilever  widi  integral,  self-aligned  tm. 


Chapters  AtomU: Fonx Microscopy  Using  Cantilevers  WiA  Tetrahedral  Tqts 

A  dun  silicon  membrane  is  created  by  wet,  anisottqnc  etching  of  a  li^dy  d<^)ed 
(100)  onentadem  silicon  wafer.  The  etching  is  deme  using  a  solndon  of  KOH  and  water. 
The  wafer  is  then  coaled  with  a  low  stress  silicon  nitride  film  deposited  using  alow 
pressure  chemical  vapor  deposition  (LPCVD)  process.  Next,  a  cantilever  is  ^fectively 
carved  out  of  die  silicon  and  nitride  membrane  by  masking  with  a  photoresist  laym-  and 
etching  vertically  in  a  dry  etcher.  At  diis  point,  the  fieestanding  cantilever  is  conqirised  of  a 
sandwkdi  of  die  nitride  films  surrounding  a  sifictHi  center.  Therinally  oxidizing  die 
cantilever  at  9S0  long  enough  to  grow  approximately  4000 A  of  oxide  causes  die 
eiqiosed  silicon  at  the  rides  of  die  cantilevn  to  be  oxidized  but  does  not  modify  either 
nkride  surfece.  Next,  the  nittide  layer  on  die  top  of  die  wafer  is  removed  using  an 
anisotiopic  plasma  etch  consisting  of  SF6  and  CFsBr.  Selectively  removing  the  top  nitride 
layer  esqxises  the  rifictmmteritx- of  die  cantilever  fircun  die  top  surface  onfy.  Thebottom 
surfece  is  stin  protected  by  die  lower  nitride  lay»  and  the  sidewalls  are  protected  by  die 
dietmal  sflictm  dioxide.  When  the  cantilever  is  etched  again  in  the  anisotropic  KOH 
eldtant,  the  rilicon  portion  of  die  cantilever  etches  but  only  from  die  eiqposed  top  surfece  of 
die  cantOevOT  and  neither  fiom  die  sides  UOT  die  underside.  At  a  rate  of  approximately  1 
pmfminntB,  die  wet  etdiant  completely  etches  the  siliccxi  portion  of  die  cantilever  leaving  a 
tetcahedral  vedume  of  rilkon  at  die  end  of  die  cantilever  that  is  bounded  by  die  silicon 
nitride  on  die  bottom,  oxide  on  the  sidewalls,  and  a  (111)  silicon  crystal  plane.  Thet^is 
completely  eaqiosed  by  selectively  etching  the  oxide  ridewalls  widi  Imfifeed  HF  acid  that 
etches  the  oxide  widioutattaddiig  die  nitride  or  the  silicon.  For  use  in  an  optical  or 
tmmftling  detection  AFM,  40  A  of  diromeand  4(X)  A  of  gold  are  evaporaied  on  the  backs 
td  die  cantOevets  to  increase  dieir  reflectivity  and  conductiviQr. 
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Otapter  3  Atomic  Force  hScroscapy  Using  Cantilevers  WWt  Tetrahedral  Tips 


a) 


b) 


Hguie33  a)  Since  die  tetrahedral  is  made  of  single  ciystalsOicon  it  can 
also  be  oxidation  shaipened.  b)  This  photo  shows  a  sharpened  tip  with  less 
than  100  Aiadios  of  corvanne. 
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The  chrome  adhesion  promodon  l^«r  most  be  lo^t  as  diin  as  possible  to  minimizr 
the  stress  on  the  candlever  that  can  cause  bending.  A  fiidsbed  cantileva  and  t^  are  shown 
in  Hgore  3.2.  finther  sharpening  is  desired,  tetrahedral  dps  on  nitride  cantilevers  can  be 
sharpened  using  the  oxidadon  sharpening  technique  described  in  Section  2.2.2  (Hgure 
3.3). 


3.3  imaging  with  Tetrahedral  Tips 

The  AFM  results  presented  here  were  obtained  using  V-sh^)ed  candlevets  with 
dimenaons  of  100  x  22  x  0.7  pm.  The  calculated  force  ctmstant  for  these  cantilevers  is 
0J9NAn  and  die  measured  resonant  fieqnency  is  78.7  kHz.  The  tip  height  is  S.6  pm. 
Most  of  die  images  were  taken  by  Rob  Barrett  using  an  optical  beam  deflection  AFM  of  his 
own  design  described  dsewheie  [12]. 

Candleveis  were  evaluated  by  imaging  sainples  of  two  distinct  classes:  atomically 
flat  sanqiles  (higUy-oiiented  pyioUtic  graphite  (HOPG)  and  An(lll)  on  mica  [12])  as  well 
as  samples  widi  rougher  topograi^ues  (a  2.6  pm  pitch  diffiracdon  grating  etched  in  glass,  a 
compact  (CD)  stamper  and  a  vertical  walled  silicon  grating  of  6.25  pm  period).  The 
results  of  die  atomic  scale  imaging  eiqieiimeQts  are  presented  in  detail  dsewfaere  [8]  but  one 
interesting  effect  bears  noting  here.  R  is  known  [6]  diat  lateral  forces  ate  exerted  on  the 
cantilever  during  AFM  imaging.  When  uang  candlevets  with  rdatively  tall  dps  such  as  die 
tc-trahedral  dps,  the  lateral  forces  are  magnified  by  the  height  of  the  tip.  Thiscanbe 
understood  by  dunking  of  die  tip  as  a  lever  arm.  The  taller  the  tip,  die  larger  is  the  effective 
leverazm.  Pronouncedlateialbowingof  the  cantilever  caused  by  latoal  forces  was 
observed  by  Rob  Barrett  even  on  atomically  flat  samples  at  fences  of  10~^  N  vddeh  ate  quite 
ctmunon  in  AFM. 
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To  evaluate  the  petfocmaoce  of  these  oaimagiiig  laige-scale  structures,  a 

2.6  lim  pitch,  7S0  A  deep  diffraction  grating  was  imaged  widi  both  the  tipped  cantilev^ 
and  identical  cantileveis  without  tips.  The  ititages  were  taken  in  constant-force  mode  with 
an  i^pHed  force  of  10^  N  and  a  horizontal  scan  rate  of  2  Hz.  Figure  3.4  shows  the 
in^irovement  in  imagiugquali^vidien  tipped  cantilevers  are  used.  Images  taken  widi  the 
unt4>ped  cantilever  lose  lateral  lesohition  near  taU  stmcmies  as  the  face  or  edge  of  die 
cantilever  comes  into  contact  widi  the  samfde.  The  adt&don  of  die  tqxm  the  cantilever 
provides  enough  clearance  to  allow  faidiful  tmagmg  of  structures  up  to  several  micnms  in 
hei^L 

The  finite  iqiex  an^  of  tetrahedral  t^  fimzts  die  angular  resolution  of  the  ima^ng, 
diat  is  vertical  walls  win  alwi^  iQipear  to  have  a  finite  sli^  Since  die  tetrahedral  tip  has 
one  vertical  edge,  it  may  be  posable  to  position  the  cantilever  in  sudi  a  way  as  to  image  at 
least  one  wall  of  a  trench  with  high  fiddity.  In  order  to  evahoaie  die  sidewaU  imaging 
ability  of  these  dps  a  venical-walled  grating  was  imaged.  This  6.25  pm  period  grating  was 
fabricated  by  ardsotropicany  etching  a  aficon  (110)  wafer.  The  grating’s  vertical  sidewalls 
are  defined  by  {111}  crystal  plaiies.  From  images  of  the  vertical-waUed  grating,  the 
smallest  fuU  angle  of  diese  tps  we  have  inferred  is  46**  for  bodi  die  fiont-to-back  and 
side-to-ade  angles  of  die  dp.  la  contrast,  the  full  angle  of  the  tq>  itself  vhen  viewed  from 
die  side  is  34.8**  and  die  foil  angle  is  38.4°  when  viewed  from  direcdy  in  front  of  die  tip, 
loddng  down  die  kngdi  of  die  cantilever.  The  difference  between  the  angles  inferred  fiom 
imaging  die  silicon  grating  and  die  measured  angles  may  be  attributed  to  eiqierimental  error 
and  large  scale  roughness  of  the  tqi's  surfaces. 
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Figure  3.4  Using  a  cantilever  with  a  fabricated  tip  improves  the  image  quality  of  large  structures  as 
evidenced  by  the  images  and  traces  of  a  diffraction  grating  imaged  with  a  flat  cantilever  (left)  and  a  cantilever 
with  a  tetrahedral  tip  (right).  These  images  were  taken  by  Rob  Barrett  [8]. 
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f 


SEM  mkxogniidis  of  several  tips  before  and  after  imagiiig  dean  gtaidiite  in  air  were 
compared  to  detemiine  possible  changes  to  the  t4)caiised  by  izoaging.  SEM  micn^rqibs 
of  the  tips  taken  before  use  showed  them  to  be  shaip  to  dze  resolution  limit  of  the  SEM 
(aj^Koximately  200  A).  After  using  the  cantilevers  to  image  gnq>hite  for  30  minutes,  the 
tqjs  were  examined  again  in  the  SEM  and  tiiere  was  no  perceivable  change  in  the  tip  shape, 
even  for  fliose  tips  tiiat  had  been  accidentally  crashed  into  the  surface.  On  one  occaaon, 
udute  ima^ng  the  (fifficaction  grating  witii  a  tqjped  cantilever,  the  image  quality  suddenly 
deteriorated.  Examination  of  the  tip  in  the  SEM  revealed  that  a  contaminant  paiticte 
approKhnately  half  the  siae  of  the  t9  had  become  attached  to  the  tip.  Qeanmg  tiie  tip  for  20 
minutes  in  a  4:1  I^SQ4/H20!2  solution  removed  timpartide.  The  cantilever  was  rendered 
useless  for  optical  detection  AFM  however,  since  the  add  solution  removed  the  reflective 
gold  coating  finxn  the  cantilever. 

A  CD  stamper  was  imaged  using  a  tetrahedral  t^,  a  pyramidal  t^  and  a  flat 
cantilever  widi  no  faMcatedt^CHgnre  3.5).  The  spacing  between  tracks  is  1.6  microns 
andthehei^ofeacfabumpisapproximately  800  Atafl.  The  flat  cantilever  is  clearly 
unable  to  follow  the  ste^ddewalls  of  die  CD  bumps.  Notice  that  each  bump  has  a  siinilar 
notdi  in  tile  upper  left  This  feature  is  not  on  the  sample  but  is  rather  a  feature  on  tiie 
cantOevortiiat  is  being  "imaged"  by  the  bump  as  tile  cantitever  tracks  over  timiL  Whiletiie 
presence  of  dtim^  tiie  tetrahedral  or  the  pyramidal  gready  enhances  the  image  quali^, 

there  is  a  discernible  difGaence  between  tiie  im^es  that  tiiese  two  tips  produce.  Theedge 
transitions  in  tiie  pyramidal  tip  image  are  less  diarp  tiian  tiie  tiiose  in  tiie  torahedral  t4> 
image.  This  effect  is  expected  rince  tiie  apex  angle  of  tiie  tetrahedral  tip  is  roughly  half  that 
of  tiie  pyramidal  tip. 
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Figure  3.5  A  compact  disk  stamper  was  imaged  using  a  tetrahedral  tip,  a  pyramidal  tip  and  a  flat  cantilever 
with  no  fabricated  tip.  The  performance  of  the  flat  cantilever  is  the  worst  but  there  is  a  discernible  difference 
even  between  the  tetrahedral  and  pyramidal  tip  performances. 


Chapter  3  Atomic  Force  Microscopy  Using  Cantilevers  WiA  Tetrahedral  Tqfs 

The  (fifferenoe  between  imaging  widi  a  pyramidal  %  and  a  tetrahedral  tq>  is  furdmr 
evidenced  by  die  images  of  a  gallium  arsenide  (GaAs)  metal  senucondnctor  Seld  efiGect 
transistior  (MESFET).  The  gate  region  of  the  MESFET  is  shown  in  Figure  3.6.  The  actual 
gale  line  which  is  500  A  wide  and  approximately  200  A  tan  is  located  at  the  bottom  of  a 
SOOOA  wide,  ISOOAdeqitrendL  The  tetrahedral  ty  is  able  to  track  the  trench  and  detect 
die  presence  of  die  gate  line  whereas  the  pyramidal  tip  does  not  have  an  a^iect  ratio  high 
enough  to  enter  die  trench  oompletdy  and  tberefcxe  does  not  sense  the  gate  wire. 

3.4  Summary 

The  sifioon  nittide  cantilevers  widi  tetrahedral  silicoD  tips  have  several  advantages 
over  other  types  of  cantilevers  and  t^  Tettahedral  tqis  are  sharp,  self-aligiied  and 
rqitodncilde.  In  use,  di^  are  cqiable  of  fatdifnllyfollowmg  the  contour  of  rough  samples 
faxdifuny.  The  silicmi  tips  are  robust  and  diow  Sole  orno  wear  firom  normal  imaging  of 
gra^diite. 

Conical  silicon  tips,  when  oxidation  sharpened,  can  have  radii  of  curvature  in  the 
nanometer  range,  moreover  dilate  radially  ^unmetdc.  Process  umfonniQ^  is  sdll  a 
prc^ilemfodiese  ultra-sharp  comcalti^  however.  The  tetrahedral  may  find  an 
triplication  widi  users  who  want  sharper  t^  than  pyramidal  tips  but  do  not  want  to  pay  die 
higher  price  of  ultra-sharp,  ocHucal  silictRi  dps. 
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Figure  3.6  These  images  of  the  gate  region  of  a  QaAs  MESFET  demonstrates  the  fact  that  image  quality  can 
diflTer  even  when  using  two  cantilevers  which  both  have  tips.  The  tetrahedral  tip  (left)  can  reach  into  the 
bottom  of  the  trench  (S(XX)  A  wide  and  1800  A  deep)  to  image  the  gate  line  (500  A  wide  and  200  A  tall) 
whereas  the  pyramidal  tip  (right)  can  not  These  images  were  taken  by  Rob  Barrett  [8]. 
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Chapter  4:  Near-Field  Scanning  Acoustic 

Microscopy  and  Instrumentation 


4.1  Introduction  to  Scanning  Acoustic  Microscopy 


The  scanning  acoustic  microscope  was  demonstrated  by  Lemcms  and  Quate  in  1973 
[1].  The  type  of  scanning  acoustic  microscc^  they  invented  uses  an  acoustic  lens  to  focus 
sound  waves  in  a  fluid  medium  to  a  dif&action-limited^t  A  sanyle  is  mechanically 
scanned  through  the  focal  Variations  in  the  acoustic  properties  of  the  sample  alter  the 

amplitude  and  phase  of  die  reflected  signal  and  diese  changes  are  the  source  of  contrast 
Lemons  and  Quate's  instrument  and  its  descendants  [2, 3, 4]  utilize  piezodectxic  elements 
to  launch  acoustic  plane  waves  down  a  sai^hire  buffer  rod  to  a  hmnispherical  acoustic  lens 
located  at  its  end  (Figure  4.1).  The  1^  and  sample  are  immm:sed  in  aliquid  diat  acts  as  the 
transmission  medium  fca*  die  acoustic  waves  between  the  lens  and  the  sample.  Since  die 
acoustic  velocity  in  the  buffer  rod  is  significantly  higher  dian  in  the  liquid,  it  is  possible  to 
focus  the  acoustic  waves  to  a  diffraction  limited  spot  of  size  given  by  [2] 


S  =  (F#)X 


D 


(4.1) 

(4.2) 


where  is  the/-number  of  die  lens,  typically  0.75.  zq  is  the  focal  length  of  the  lens 
which  can  vary  frcnn  0.2  mm  [1]  to  12  pm  [Sj.  D  is  the  diameter  of  the  tens  ^lerture. 
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sample 


Hguie4.1  Tbe  £ar-field  scanning  acoostic  microscope  utilizes  a 
hemispherical  acoustic  lens  to  focus  acoosric  waves  in  a  liquid  to  a 
diffiaction  limited  (After  Quate  et  aL  [2].) 


Since  it  is  a  far-field  instrument,  the  resolution  of  the  scanning  acoustic  microscope 
ishmitedbyfbespotsize.  In  order  to  reduce  the  spot  size  die  instrument  can  be  operated  at 
higher  fieqnendes  to  reduce  the  acoosdc  wavelengtfa;  however,  the  frequency  can  not  be 
increased  without  bound  since  the  attenuation  of  sound  in  most  liquids  is  proportional  to 
the  square  of  the  frequency.  Hence,  if  die  frequency  is  increased,  the  acoustic  path  lengdi 
must  be  reduced  by  a  corresponding  factor  in  cndo*  to  maintain  acoustic  signal  power 
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constant  Reducing  Ae  acoustic  path  lengA  becomes  a  practical  problem  since  it  can  be 
di£Eictdttofal»icatelenseswithfcKxdleDgdis(xitbeordarofafewimcions.  Tbefar-fidd 
scanning  acoustic  microscope  can  have  resolution  as  high  as  2000  A  when  operated  in 
water  at  an  acoustic  fiequency  of  5  GHz.  In  liquid  helium  at  a  temperature  of  0.2  K,  the 
resolution  can  be  as  high  as  200  A  [3]. 

The  advantages  of  the  scanning  acoustic  microscope  is  not  limited  to  its  high 
lesoluticxi  however.  It  is  an  important  analytical  tool  because  it  provides  images  based  on  a 
different  contrast  mechanism  than  other  forms  of  microscopy.  The  contrast  mechanism  in 
acoustic  microscopy  lehes  on  vatiatitHis  in  the  acoustic  properties  at  various  locatitms  of  a 
sample.  It  is  therefore  pos^le  to  see  details  in  acoustic  images  which  are  not  detectaUe  in 
the  optical  microscope  [Q  A  further  distinction  between  tiie  scanning  acoustic  microscope 
and  the  scanning  dectron  microscope  (SEM)  is  tiiat  the  scanning  acoustic  microscope 
images  samples  under  liquid  which  can  be  an  advantage  when  imaging  cntain  samples 
such  as  living  cells  which  can  not  be  imaged  in  vacuum. 

Imaging  samples  muter  liquid,  altiiough  advantageous  in  some  instances,  can  also 
be  disadvantageous  in  others  since  some  samples  are  not  compatible  with  liquids,  titis 
represents  a  limitation  mi  die  use  of  die  acoustic  mictoscqie.  Aldiough  some  low 
resolution  images  have  been  obtaii^  using  air  as  the  acoustic  medium  [T],  in  general  it  is 
necessary  to  immerse  die  sample  in  a  liquid.  Anothm  drawback  to  scanning  acoustic 
microscopy  is  diat  in  order  to  resolve  features  of  less  than  a  micrmi,  it  is  often  necessary  to 
immerse  die  sample  in  either  hot  water  or  in  cryogenic  gases.  These  operating  conditimis 
are  problematic  not  only  because  tb^  are  incompatible  with  some  samples,  but  also 
because  di^  make  it  more  difticult  to  inqiect  samples  quicldy. 
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4.2  N«ar-fleld  Scanning  Acoustic  Microscopy  (NSAM) 

llie  fimniicroscope  utilizing  the  near-fidd  efiect  was  demcmstrated  by  Ash 
N^ds  in  1972  [8].  Their  instrument  passed  10  GHz  if  waves  through  a  1.S  mm  aperture 
and  achieved  a  lateral  resolution  of  OJ  mm,  or  V60.  The  growth  in  importance  of  die 
STM,  AFM  and  other  scanning  probe  instruments  in  die  1980's  kindled  a  renewed  intocest 
in  the  near>field  acoustic  microscopy  [9, 10, 11, 12, 13, 14]. 

In  near-5eld  scanning  acoustic  microscopy  (NSAM),  much  as  in  die  STM  and 
AFM,  a  sharp  probe  is  brought  into  close  proximity  to  a  samjde  such  diat  acoustic  energy 
can  be  coi^led  between  die  two.  in  contrast  to  previous  scaiming  acoustic  microscopes  in 
which  die  acoustic  ^t  is  created  by  focusing  sound  waves  widi  lenses  or  by  passing 
acoustic  waves  duron^  a  small  aperture,  in  die  near-fidd  scaiming  acoustic  microscopes 
die  acoustic  spot  is  made  small  lousing  a  solid  ^  with  a  very  sharp  jqxsL  The  extremity 
of  die  tip  is  typically  lOto  10,(XX>  times  smaller  than  the  wavetength  of  die  acoustic  waves 
diat  it  transmits.  Hence,  the  resolution  of  the  microscope  is  limited  not  by  die  diamMer  of  a 
difhaction-limited  ^t  but  radier  by  tL>c  radius  curvature  of  the  t^  and  the  acoustic 
power  that  can  be  ddiveied  to  the  ^lex  of  the  tip. 

A  second  limitation  on  die  resolution  of  scanning  acoustic  microscopes  is  die 
woddng  distance  between  the  tip  and  the  sample.  In  order  to  obtain  die  tptimum 
resolution,  the  tip  must  not  only  be  sharp,  but  its  positicm  must  also  be  maintained  within  a 
fractitm  of  a  wavdengdi  from  the  sample  surface.  The  resolution  is  dierefoie  determined 
by  the  larger  of  the  spacing  between  the  tip  and  sample  or  die  radius  of  curvature  of  die  tip. 
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4.2.1  Resonance  NSAM 


llteie  are  two  major  Qrpes  of  NSAM  instruments.  The  first  Qpe,  exemplified  by 
acoustic  microscope  of  Guthno'  and  cowcxiceis,  utilizes  some  form  of  an  acoustic  resonator 
(Hgure4.2)  [11].  la  this  case,  one  arm  of  a  quaitz  tuning  fork  acts  as  a  probe.  The  tuning 
fork  is  driven  at  its  resonance  frequency  of  32.7  KHz  and  die  intoaction  of  the  tuning  foric 
with  the  sample  is  monitoied  by  measuring  changes  in  the  resonance  frequency  or  vibration 
amplitude  of  the  tuning  fork.  This  configuration  has  yielded  ima^  of  insulators  with 
lateral  resolution  on  the  order  of  1  pm. 


Figute4J  Gudmerandcoworkersuse  onelegofaqoartzosdllatOTasa 
tip  to  probe  a  sample  acoustically.  Ibe  image  is  obtained  by  monitoring  die 
amplitude  of  the  oscillator's  vibration. 


Among  several  benefits  of  thetesonatOT-type  instrumrat  is  that  vdim  fences 
between  the  sample  and  die  tip  are  sufficioidy  large,  the  vibration  of  die  resonator  stops. 
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This  e£Gwt  i»X)vides  a  convenient  measure  of  die  pdnt  where  the  sq)aiation  between  and 
sample  is  zero. 

A  further  advantage  of  the  iesooaiior>type  acousdc  micioscope  is  that  it  is  a  single 
port  device  Aat  operates  ^without  a  receiving  transducer  on  die  back  of  tibe  sample.  Sntdi 
instruments  ate  easier  to  use  since  tb^  requite  no  alignment  of  transmitting  and  receiving 
transducers  and  they  are  also  capable  of  imaging  samples  of  any  reasonable  duckness. 

bi  order  for  the  resonator-type  instrument  to  function  properly  however,  eidier  the 
resonator  must  have  very  high  Q  so  that  small  changes  in  the  ^ipitied  force  create  significant 
variations  in  the  resonance  fiequency  or  the  microscope  must  be  able  to  detennine  die 
vibration  amphtnde  very  accurately. 

4.2.2  Transmission  NSAM 

Odier  versions  of  NSAMs  do  not  use  acoustic  resonators,  but  instead  operate  in 
transmission  ruode  in  which  sound  waves  are  excited  in  the  dp  by  one  ultrasonic  transducer 
and  transmitted  into  the  sample  vdiete  they  are  received  by  a  second  transducer.  Takataand 
cowmkers  [9]  demonstrated  such  a  ttansmisaoninstrumem  that  vilyates  a  tqi 
rqiproximately  10  Ap.p  by  rqiplying  a  continuous  wave  70  KHz  sinusoidal  voltage  to  die  z 
electrode  of  a  piezoelectric  scanner  tube  (Bguie  43).  The  recmved  acoustic  signal  is 
rectified  and  can  be  used  to  control  the  placing  betwemi  die  tip  and  die  sample  dirougb  the 
use  of  a  feed  back  ciicuiL 

While  imaging  jn  the  transmission  acoustic  mode,  Takata's  instrument  can  also 
monitar  tunnding  currents  between  the  t^  and  die  sample  so  diat  for  conductive  samples, 
two  different  contrast  mechanisms  can  be  monitored  and  the  separation  between  the  t^  and 
the  samide  can,  in  piincqile,  be  controlled  by  ddier  signal 
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receiving  transducer 


Figuie43  Transmission  mode  NSAM  has  been  demonstrated  by  several 
leseaicheis  using  mod’ SIMs.  Talrara  and  cowodcers  modulate  the  z 
piezo  of  a  standard  <  manner  m  excite  acou 

Advantages  two-poit  NSAM  instruments  include  Ae  fact  diat  since  the  tip  need 
not  be  an  integral  part  of  an  acoustically  rescmator,  conmum  tungsten  or  platinnm^dium 
tips  amilar  to  diose  used  in  STMs  can  be  used.  If  the  tq)  is  damaged  during  use,  it  can  be 
replaced  easily  and  quickly.  Damage  to  the  tip  is  of  particular  craicem  for  non-iesonator- 
type  instrumoits  since  dioe  is  no  inherent  sign,  in  the  absence  of  a  tunnding  current 
signal,  when  the  tip  and  sample  come  into  contact 

In  the  resonatOT-type  instruments,  i^dren  the  tip  and  sample  come  into  contact,  the 
tesanaxor  stops  resonating.  In  transmission  instrumoits  however,  if  the  tip  w^  to  maVft 
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contact  wiAAesamtde.  the  transniitiBd  acoustic  signal  could  still  show  a  distance 
dqwnttence  since  taising  or  lowering  die  tip  could  change  the  cross-sectional  area  of 
contact  between  tte  tq)  and  die  sample  and  Aereby  modulate  the  transmitted  signal 

The  frequency  range  of  operation  for  a  NSAM  using  a  piezodectiic  tube  scanner  as 
its  ultramnic  soutce  is  deteouined  by  the  resonance  frequency  of  the  piezoelectnc  tube. 
Typical  PZT  piezodecttic  tube  scanners  have  resonances  on  the  order  of  tens  to  hundreds 
ofUlz.  In  lieu  of  the  tube  scanner,  piezoelectric  plates  can  be  bonded  on  die  end  of  metal 
[10]  but  at  ficequendes  in  the  range  of  several  MHz  and  above,  poor  bond  qnaliQr 
between  die  piezodecedc  transdnoer  and  die  base  of  die  tip  causes  ooiqilii^  ine£Bciencies 
udnch  limit  the  transmission  of  acoustic  power  from  the  transducer  to  the  dp. 

4.3  NSAM  With  Mierofabricated  Probe  Assembly 

Unlike  other  NSAMs  die  instrument  piesmted  m  diis  dissertation  uses  integrated, 
microfitbricated  tips  and  ttansdnoeis  instead  (rf  sharpened  wires,  pjezoelectric  ceramics  and 
crystal  resonators.  Microfrabiicationtedmiqires  allow  die  fabrication  of  hundreds  of  tq>s 
and  transdnoecs  <m  each  alicon  wafer.  In  addition,  as  described  in  Chapter  2,  die 
technology  for  microfabticating  sharp  tqis  has  improved  to  a  level  sudi  that  it  is  possible  to 
microfidxicate  silicon  t^  that  ate  diarpo’dian  sharpened  tips.  Utilizing  ZnO  thin 
films  for  transducers  instead  of  bulk  piezoelectric  ceramics  sudi  asPZI,  it  is  possible  to 
obtain  efiBdent,  high  frequency  transducers  with  excdlent  acoustic  cotpling  between  the 
transducm:  and  the  t^  even  at  fr^equencies  in  the  GHz  regime.  The  following  secticms 
describe  the  fabrication  of  die  tip  and  ultrascmic  transducer  assembly  as  well  as  the 
mechanical  design  of  die  instrumenL 
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4.4  Tip  Fabrication  Process 

The  NSAM  are  fabiicated  using  ddier  the  conical  or  die  tetrahedral  t4> 
fabiicatioii  processes  described  in  Quipter  2.  Since  die  tips  for  use  in  NSAM  are  not 
mounted  on  the  ends  of  cantilevets  but  are  instead  located  in  the  center  of  a  square  silicon 
die,  die  tqis  must  be  quite  taU  to  allow  some  tilt  of  die  sanqile  with  reflect  to  the  tqi 
substrate  widiout  canang  the  edge  of  die  die  to  touch  the  sample  CEiguie  4.4).  Ups  of  60 
to  100  pm  height  were  fabricated  allowing  a  2  degree  tilt 


Hgore4.4  The  NSAM  tips  must  be  tan  so  dial  die  allowable  dlt  angle  of  the 
t^  substrate  with  respect  to  die  sample  is  as  large  as  possible. 

Making  such  taU  t^s  necessitates  some  modificatkms  to  the  ti^  fabrication 
(Hocesses  previously  described,  hi  both  the  cmiical  aid  the  tetrahedral  tip  fabrication 
processes  die  height  of  die  tips  is  determined  by  a  SF^2C1Fs  plasma  etch.  Tofabricate 
tips  of  height  iqi  to  10  pm,  alicon  dioxide,  silicon  nitride  or  even  photoresist  can  be  used 
as  a  masking  matoiaL  When  die  tips  ocoeed  diis  height  however,  the  etch  selectivi^r 
between  the  alicrm  and  die  masking  materials  in  die  plasma  is  insufiticientto  aUow 
extended  etching.  For  tan  dierefore,  aluminum,  chrome,  tungstrai  or  some  other 

r^ractory  metal  must  be  used  as  die  masking  material  since  die  etch  rate  of  diese  materials 
in  die  giir-f”!  plasma  etdi  is  insignificant- 
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To  fabricate  tall  NSAM  tips,  1000  A  of  evsqxxaled  ahiminnni  was  chosen  for  a 


masking  layer  due  to  aluminum's  ease  of  deposition,  relatively  low  stress  and  compatibility 


widi  odier  standard  integrated  ciicuit  fabrication  processes. 


The  indusion  of  ametal  maddng  layer  creates  a  process  cmi^yatitnli^  problem 
since  metal  contaminants  can  diffuse  out  of  a  wafer  doting  subsequent  high  temperature 
dietmal  cycles.  Fd  both  the  conical  and  the  tetrahedral  tip  processes,  tibe  only  high 
temperature  process  step  necessary  after  the  Itmg  dry  etch  is  a  thermal  oxidadon  at  9S0  °C. 
Ihese  oxidations  are  carried  out  in  a  metal  contaminated  oxidation  furnace  typically  used 
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for  tungsten  annealing  $0  Contamination  from  the  metal  masldng  materials  used  during  die 
long  dry  etdi  process  does  not  adversely  affect  dean  furnaces  reserved  for  electronic  device 
fabrication. 

Although  both  ctmical  and  tetrahedral  t^  processes  yield  sharp  tips,  it  is  mote 
(hfBcult  to  make  a  tall  tetrahedral  t4>dian  it  is  to  make  a  amical  tip  of  amilarbeighL  In 
ordo*  to  fabricate  a  tetrahedral  tqi,  a  vertical-walled  post  must  first  be  formed.  Whenthe 
desired  tip  height  is  cm  die  order  of  100  pm,  it  is  difficult  to  make  a  sufficiently  tall  verdcal- 
waUedpost  For  this  reason,  conical  tips  are  prdferted  for  use  in  NSAM. 

One  modificatkm  included  in  the  next  generation  cd  t^s  being  fabricated  by  Andreas 
Judasisihecreationoftelativelyshortcoiticalt^of  1  to  10  pm  hd^t  (xi  silicon  mesas 
which  are  approximately  100  pm  taH  ^gure  4.6).  Ihe  fabrication  process  for  such  th>s 
beg^  widi  the  oxidation  of  a  double  side  polished,  silicon  (100)  wafer.  Small  oxide 
chcles  tpproxiniaiely  10  pm  in  diameter  are  patterned  and  etched.  Silicon  nitride  is  then 
dqmsited  over  die  entire  wafer  and  large  nitride  squares  on  tte  order  of  100  pm  on  a  side 
ate  patterned  and  etched.  Ihe  mesas  are  formed  by  using  the  silicon  nitride  as  a  mask 
while  wet  etching  the  silicon  in  EDP  oc  KOH.  After  mesas  of  a  (tesired  bei^thave  beoi 
obtamed,  the  nitride  is  strqiped  to  eiqiose  die  silicai  dioxide  circles.  The  circles  are  used  as 
maitks  during  either  a  plasma  oc  wet  etch  in  EDP  during  which  die  silicxHi  is  etched  until  the 
circles  are  almost  completely  undercut  Ihe  drdes  are  then  removed  by  etching  in  a 
buffeted  HP  solution. 
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If  iiiither  sharpening  is  desired,  the  t4>s  are  diennally  oxidized  in  steam  at  950 
Due  to  the  differential  oxide  growth  rate  on  dps  previously  described  in  ChaiMm'  2,  the 
sUicaQ  is  sharpened  by  the  oxidadcm  and  subsequent  removal  of  the  oxide. 

The  mesa  tq)  process  has  two  principal  advantages  over  the  previous  conical  tip 
process.  Hrst,  since  the  mesas  are  wet  etched  using  nitride  as  the  mask,  no  metal  masking 
layer  is  necessary  and  process  compatibility  prc^lems  are  alleviated.  An  additional  bmiefit 
of  the  process  is  that  since  most  if  not  all  of  the  silicon  etching  is  done  with  wet  ^diants, 
uniformity  from  tip  to  tq>  is  increased  and  the  use  of  enviroamentally  harmful 
cUoroflourocarbons  f(V  plasma  etching  can  be  reduced. 

4.5  Ultrasonic  Transducer  Fabrication  Process 

Odier  than  tile  fabrication  of  tiie  tips  tile  other  major  fabrication  process  necessary  is 
for  creation  of  the  ultrasonic  transducers.  Tte  ultrasonic  transducers  are  simple,  capacitor- 
like  structures  consisting  of  a  ZnO  island  sandwiched  between  a  gold  ground  plane 
electrode  anda  snudl  gold  top  dectrode  (figure 4.7). 

Bef(»e  the  fabrication  of  tiie  ultrasonic  transducers  can  begin,  if  the  ^vices  ate  to 
be  made  on  a  silicon  substrate,  the  siliaxi  wafin'  must  first  be  oxidized  or  coveted  witii 
silicon  nitride  in  OTder  to  allow  tiie  subsequent  dqxisition  of  wdl-<niented  ZnO.  In  these 
cases,  a  1000  A  thick  film  of  silicon  nitiide  is  used.  When  the  substrate  has  been  properly 
jnqiared,  1000  A  of  gold  ate  evaporated  on  tiie  wafer  using  a  40  to  100  A  tiiick  titanium 
adhesion  promotion  layer.  Whoi  the  wafer  is  unloaded  ficxn  the  gold  evtqxitaticm  station  it 
is  immediately  placed  in  tiie  ZnO  sputtering  station  [15]  where  a  X/2  thick  film  of  ZnO  is 
deposited.  A 1000  A  thick,  gold  top  electrode  is  thoi  evaporated  and  pattnned  using  a 
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liit-off  i»ooess.  FmaJly.&eZnO  is  patterned  and  eidiedfrMn  all  areas  except  in  islands 
under  and  around  die  top  electiodes. 


ZnO^ 


nitride  or  oxide 


Hgnre4.7  The  ulttasomcttausducers  are  similar  in  structure  to  capadtcxs. 

They  are  comprised  of  2  gold  electrodes  eadi  lOOOAduckoneidiersideof 
aZnO layer.  A  lOOOAfilmofQiddeormtiideonthealicoQfacilitaiestfae 
growth  of  c-axis  oriented  ZnO.  The  thickness  of  die  ZnO  is  chosen  to  be 
equal  to  half  die  desiied  acoustic  wavelengdL  Diameter  of  die  transduces  is 
100  to  200  |iiiL 

Patterning  die  ZnO  serves  two  purposes,  first  it  esqioses  die  ground  plane  for 
making  electrical  contaa  and  seccmdly ,  it  removes  most  of  die  hi^ily  stressed  ZnO  film 
which  is  prone  to  peeling  after  long  exposures  to  humidity. 

4.5.2  Ultrasonic  Transducer  Design 

When  designing  the  transducers,  diee  are  two  priiicipal  variables  that  can  be 
altered,  the  diickness  of  the  piezodectric  material  and  die  area,  or  size,  of  the  transducer. 
The  thickness  of  the  piezoelectric  material  is  determined  by  the  desired  operating  fiequency. 
Once  chosen,  die  operating  fiequoicy  in  conjunction  widi  die  acoustic  velocity  in  the 
piezoelectric  material  determines  the  wavelmgdi  of  the  acoustic  wave.  Forafirstord^’ 
design,  if  the  transducer  is  ctmsidered  to  be  air-badced,  the  thickness  mode  resonance  of 
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die  device  can  be  excited  if  the  thickness  of  the  piezoelectric  film  is  equal  1/2  the  acoustic 
wavdength  in  the  piezoelectric  maieriaL  The  longitudinal  acoustic  velociQr  in  ZnO  is  6.33 
km/s  [16]  and  the  conesponding  wavelragth  at  1  GHz  is  6.33  pm.  Therefore,  for  1  GHz 
operation  ^iproximately  3.16  pm  of  ZnO  are  deposited. 

The  assumption  that  the  transducer  is  air-barbed  is  a  gorxl  one  in  reality  since  the 
1000  A  gold  tq)  electrode  and  the  gold  bonding  ball  represent  only  a  small  amount  of  ma.« 
loading.  For  the  purposes  of  the  NSAM,  die  small  deviation  between  die  theoretical  and 
actual  opiating  fiequendes  is  negligible  since  the  transducers'  opnatirm  is  sufficimidy 
broad  band  to  allow  a  matching  netwodc  to  tune  the  transducers  widun  in  an  acceptable 
frequency  range. 

The  size  of  the  transducer  is  primarily  influmced  by  die  need  to  gmerate  plane 
waves  with  uniform  acoustic  intensity.  The  acoustic  field  intensity  genoated  by  an 
ultrasonic  transducer  varies  widely  depending  on  the  distance  fiom  the  transducer  along  the 
axis  and  the  distance  fiom  the  axis.  It  is  convenient  to  crmsider  twc  hstinct  regions 
defined  by  the  Fresnel  limit,  S  =  1,  whoe  S,  for  an  isotropic  substrate,  is  the  Fresnel 
parameter  given  by  [16] 

S=zA 

(4.1) 

z  is  the  distance  firom  the  transducer  measured  along  the  axis,  X  is  the  wavelength  of  the 
acoustic  wave,  and  a  is  the  transducer  radius. 

The  region  where  S  <  1  is  known  as  the  Fresnel  region.  In  the  Fresnel  region,  the 
acoustic  intension  varies  rapidly  with  z  Iwt  is  uniform  and  wdl-confined  widun  an  area 
roughly  cone^nding  to  the  transduce  cross-secticMi.  The  Fraunhofer  region  whme  S  > 

1,  is  the  region  in  which  diffiaction  becomes  agnificant  and  the  acoustic  intension  falls 
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monotonically  as  1/z^  along  the  axis.  Due  to  diffiracdon  the  intensity  also  falls  off  in 
directions  ordiogonal  to  die  axis  such  that  at  the  plane  S  >  1,  the  main  lobe  has  its -3  dB 
points  at  a  radius  of  035  a. 

Given  that  acoustic  intensi^  is  such  astrong  function  of  radius  and  distance,  the 
transducer  was  designed  to  operate  in  the  tegme  between  S  =  1  and  S  =  2  to  deliver  the 
highest  and  most  uniform  field  intensity  possible  to  the  base  of  the  silicon  tip.  If  die  tip 
were  too  far  in  the  Fresnel  zone  of  the  transduce,  the  field  intmsities  across  is  base  would 
not  be  uniform.  If  in  contrast,  the  t^  was  too  far  in  the  Fraunhofer  region,  the  field 
intensity  would  be  less  than  the  maximum  value  possible.  For  diese  probes,  transducers  of 
various  sizes  were  fabricated.  For  1  GHz  operation  on  1  mm  thick  silicon  wafers  these 
transducer  sizes  correspond  to  0.025  <  S  <  47.8.  Since  the  last  minimum  of  the  fidd 
intensity  occurs  at  S  » 1,  transducers  were  designed  to  op^te  between  S  s  1  and  S  s  2  in 
order  to  maximize  efficiency.  It  was  detotinmed  empirically  that  transducers  rangmg  in 
radius  from  28.79  to  5737  pm,  or  S  parameter  from  7.6  to  1.9  work  best  in  die  NSAM. 
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Equivalent 

S  parameter 

416 

11.5 

47.8 

2603 

28.79 

■■ 

10,411 

57.57 

1.9 

41.642 

115.13 

0.48 

125,434 

199.82 

0.16 

260,265 

287.83 

0.076 

384,141 

349.68 

0.052 

783,961 

499.54 

0.025 

Table  4.1  Transducer  areas  and  calculated  S  paxametos  are  shown  in  this 
table.  Eqmvalentracfii  are  indicated  since  transducers  were  not  dicular  in  all 
cases. 

4.5.2  Ultrasonic  Transducer  Performance 

Hie  transducers  are  deagned  to  have  a  dtickness  resonance  mode  at  a  given 
operating  ftequency.  bi  order  to  opoate  ^Gdently  the  impedance  of  the  transduc^must 
be  wdl-matched  to  the  impedance  of  the  driving  dectronics  which  is  commonly  50  Q. 
Hgure  4.8  (a)  and  (b)  show  die  reflection  coefficimit,  or  I  Sn  I ,  of  a  SO  pm  transduco' 
with  and  without  a  matching  network. 


73 


Chapter  4  Near-FUMScanning  Acoustic  Microscopy  and  Instrumeriuaion 


Bgaie  4.8  a)  The  plot  of  iSn  i  foran  untuned  transducer  shovt^  a  very 
poor  match  to  tbe  SO  b)  When  the  transducer  is  tuned  with  using  a 
matdiing  networic,  die  ISnl  curve  passes  directly  through  die  SO  Q  point 
at  die  center  of  the  Smith  chart 
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L 


R2>Ri 

Xl  =  QRi 


Hgure4^  The  matching  i)etw<»ls  used  to  tune  the  transdocersweie  made 
using  these  ciicaits  and  design  rules  after  Hardy  [17]. 


The  rules  used  to  deagn  die  matching  network  are  shown  in  Figure  4.9  [17].  The 
Smith  chart  in  Figure  4.8  (a)  shows  only  a  small  rescaiance  peak  diat  is  poorly  matched  to 
die  SO  impedance  at  die  omter  of  the  chart  while  the  reflectimi  coefBcient  of  the  same 
transducer  with  die  matching  netwoik  passes  direcdy  dirou^  die  SO  Q  pcwt 

Matching  netwoiks  ate  used  in  this  manner  to  match  impedances  and  tune  die 
operating  frequoides  of  die  transducers  used  in  most  of  the  etqieriments  described  in  this 
dissertation.  The  one-way  insertion  loss  vrasus  ftequmicy  of  a  tuned  transducer  on  a 
silicon  wafer  is  shown  in  Figure  4.10. 
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Hgure4.10  A  toned  ttansdocer  operates  in  a  fairly  broad  band  and  can 
have  inserdcm  loss  as  low  as  3  dB.  The  mimmum  insertion  loss  fix'  this 
transducer  is  6  dB. 

4.6  Hybrid  Prob«  Assembly  Process 

Ibe  processes  described  above  for  fabricating  die  tips  and  the  ultrasonic  transducers 
can  be  carried  out  on  single  or  sqiarate  substrates.  Initially,  in  Qrc.jr  to  study  the  feasibili^ 
of  the  project,  a  hylxid  process  was  used  in  which  die  transducer  is  fabricated  on  a  Pyrex 
7740  glass  substrate  and  the  tip  is  fabricated  on  a  separate  silicrm  substrate  (Figure  4. 1 1 ). 

ATthnugh  in  principte,  thft  entire  tip  wafer  could  be  anodkally  bonded  to  thg  enrim 
transducer  substrate,  in  this  initial  stage  of  expoimentatioa,  the  tip  and  transducer  masks 
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were  not  designed  ^sed&ally  for  this  project  and  theiefote  die  tips  and  transducers  were 
not  aligned  to  each  other  across  the  endie  wafer.  For  expediency,  die  substrates  were  each 
diced  and  individual  tip  dice  were  bonded  to  individual  transducer  dice. 


Hguie  4.11  In  the  hybrid  process,  the  tip  is  fabricated  on  a  silicon  wafi^ 
while  die  acoustic  transducer  is  fabricated  on  a  7740  Pyrex  glass  substrate. 

To  fcxm  die  probe,  the  tip  and  transducer  substrates  are  anodically  bonded 
together. 

The  bonding  of  the  tip  and  transduco’ substrates  was  accomplisbed  using  a  low 
temperature  anodic  bonding  process  [18].  To  begin  die  process,  the  die  widi  d^  tip  is 
placed  in  a  qiecial  jig  that  holds  the  die  with  the  tip  facing  downward  into  a  cavity.  The 
Pyrex  die  with  the  transducer  is  placed  on  top  of  the  tip  die  and  aligned  under  a  direct  view 
optical  aligner  which  has  coaxial  optical  objectives  to  view  both  sides  of  the  sample.  The 
abgnment  is  accomplished  by  hand  using  tweezers  to  adjust  the  position  of  the  thee, 
y^ipcoxiinaiely  25  |mi  accurate  in  alignment  is  achievable  using  this  tedinique.  Whenthe 
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alignineiit  is  completBd,  the  endie  jig  assembly  is  transported  to  a  hot  plate.  TheaHoon 
sabstxalB  is  grouaded  and  a  laige  negative  voltage  is  applied  to  the  Pyrex  dnou^  a  point 
contact  Since  the  Pyrex  is  transparent  the  bonding  front  can  be  observed  moving  across 
the  aitire  1  cm^  die  in  afew  minutes.  To  ensure  prc^>er  bonding  however,  the  voltage  and 
temperature  are  maintained  for  30  minutes.  After  bonding,  the  device  is  placed  in  die 
aligner  again  to  confirm  that  the  tip  and  transducer  have  in  fact  been  bonded  in  alignment 
Lastly,  a  1  mil  diick  gold  wire  is  bonded  to  the  top  electrode  of  the  transducer  to  complete 
the  hybrid  fabrication  process. 

The  principal  advantage  of  the  hybrid  fabrication  process  is  that  the  dp  and  the 
transducer  are  fabricated  indq)endently  thereby  reducing  ptoUems  of  process 
compadfaility.  For  example,  t4>  fabricalion  processes  ^pic^y  include  the  use  of  diemicals 
such  as  KOH  or  EDP,  bodt  of  udiich  would  rapidly  attack  die  ZnO  in  die  transdnoers  and 
dtetefore  preclude  die  fahricadoa  of  transducers  before  tips.  Fabricating  dps  before 
transducers  is  also  difficult  because  it  necessitates  the  protection  of  the  sharp  and  fragile 
tqis  during  aU  transducer  fabricadonstqis.  By  fabricadng  the  tqis  on  silicon  wafers  in  die 
absence  of  the  transducers,  die  entire  fabrication  process  is  gready  simplified. 

The  acoustic  reflecticm  coefficient,  F,  of  the  sflicon/Pyrex  interface  is  given  by  [16] 

T’  -  Z2  -  Zi 

(«) 

v/best  die  acousdc  inqiedances  of  Pyrex,  Zi,  and  alicon  (100),  Z2,  are  13.1  x  10^  kgfmh 
and  19.7  x  10^  kg/w?s  respecdvely  [19].  The  silicon/Pyrex  interface  dier^cne  has  an 
acoustic  tefiecdon  confident  of  0.201.  The  power  transmission  coefficient  is  expressed  as 

im 


(4.3) 
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so  for  the  silicon/Pyiex  interface  the  power  transmission  coefficient  is  0.960  or  only 
•0358  dB.  Thus  the  silicon/Pyrex  bond  is  relatively  lossless. 

4.7  Integrated  Probe  Assembly  Process 

After  the  hybrid  process  was  used  to  demonstrate  the  viabiliiy  of  die  NSAM,  a 
complete  maA  set  was  designed  to  fabricate  an  integrated  probe  assembly.  The  most 
important  difference  betweoi  the  hybrid  |»ocess  and  the  integrated  process  is  that  in  die 
integrated  process  the  dp  and  transducer  are  fabricated  on  the  same  substrate  and  the  need 
for  anodic  bonding  is  eliminated. 

To  be^  die  initiated  probe  fabricadon  process,  alignment  marks  ate  patterned  on 
bodi  sides  of  a  1  mm  thick,  double-side  polished  (100)  sflicon  wafer  which  has  previously 
been  coated  with  dietrnalffllicon  oxide  or  LPCVD  silicon  nitride.  The  alignment  is  done 
using  a  Kasper  2001  contact  aligno’  with  an  infrared  trananisaon  alignment  c^pabili^. 
Ups  are  then  fabricated  and  oxidation  sharpened  on  one  side  of  die  wafisr.  Oncethedps 
have  been  formed,  all  subsequent  process  steps  ate  ctxodncted  uang  spacers  to  prevent  the 
wafnr  from  bdng  placed  face  down  on  the  dps.  In  some  pieces  of  equipment,  special 
stages  are  used  which  hold  the  wafo  with  the  dps  facing  down  over  a  dqnession 
su^ioided  only  at  the  wafer's  perimeter.  Keeping  die  dps  protected  at  all  times,  the 
nhrasoidc  transducers  are  fabricated  on  the  back  side  of  the  wafer  using  the  fabricadtxi 
process  described  above.  The  wafin:  is  then  cleaved  into  die  individuals  dice  and  gold  leads 
are  bonded. 
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4.8  Tip  and  Sample  Mounting 

To  use  the  micrctfabricaied  probes  in  the  NSAM,  they  must  be  mounted  in  a 
housing  which  provides  if  shielding  and  can  contain  the  if  matching  netwoik.  Maximum  rf 
shielding  is  desirable  to  prevent  direct  d  feed-through  whidi  results  in  high  coherent 
background  signal  levels.  The  size  and  mass  of  the  houang  must  be  kept  at  a  minimum  so 
that  die  mass  of  die  probe  assembly  will  not  load  the  jnezodectrictnbe  scanner.  Hnally, 
dre  hou^g  must  accommodate  the  if  matching  netwtxk  ciicuitiy  which  typically  consists 
of  a  total  of  two  or  diree  chip  capacitors  and  inducttgs.  A  photograidi  of  a  transducer 


Hgure  4.12  Ihe  housing  for  the  transducers  and  matching  networics  must 
be  small  to  prevent  mass  loading  of  the  piezodecttic  tube  scanners  and  tfa^ 
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must  be  effective  in  shielding  if  radiation.  Hiey  are  made  frran  brass  and 

measure  5/8"  on  a  side. 

4.9  NSAM  Mechanical  Instrumentation 

The  near-field  acoustic  microscope  described  in  this  wo±  is  shown  in  [Hguie 
4.13].  The  mechanical  instrumentation  is  based  on  the  tripod  design  [20]  and  is  largely 
identical  to  that  of  an  STM  The  three  1/4-80  screws  form  an  equilateral  triangle  with 
height  of  2  inches.  These  screws  are  used  to  adjust  tihe  tip  height  and  tilt  relative  to  die 
sample.  The  piezoelectiic  tube  scanner  is  {daced  03  inches  from  die  base  on  the 
perpendicular  bisector  of  die  triangle  formed  by  the  screws.  Therefore,  tthen  die  height  of 
tihe  rear  screw  is  adjusted,  the  tip  rises  widi  respect  to  the  sample  by  an  amount  reduced  by 
afactorofO.3/1.7  or0.18.  This  lever  arm  redncticMi  enables  die  rear  screw  to  have  finer 
control  of  the  height  than  the  two  screws  at  the  from.  Tbeheadoftheinicioscrqiewas 
constructed  using  die  translation  stage  from  a  Padt  Scientific  Instcuments  AFM  [21]. 

The  transladon  stage  is  necessary  for  positioning  die  tip  precisely  widi  reflect  to  the 
receiving  transducer  on  the  back  of  d»  sample.  In  transmission  mode  diis  alignment  must 
be  accurate  to  within  25  pm.  The  disadvantage  of  the  translation  stage  is  that  it  may 
ccanpromise  die  stiffeess  of  the  microscope  and  dieidiy  increase  drift  or  reduce  die 
frequency  of  its  lowest  mechanical  resonance.  In  fact,  die  same  stage  has  been  used  in  the 
Park  Sdmitific  histruments'  AFM  and  STM  to  obtain  atomic  resolution  images  successfully 
so  it  does  not  appear  to  be  a  limiting  factor  in  this  instrument 
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translation 


Hguie4.13  The  mediamcal  instrumentation  of  the  NSAM  is  almost 
identical  to  that  of  a  STM  with  die  excepticHi  of  the  translation  stage  that  is 
necessaiy  in  NSAM  to  align  die  tip  to  die  sam|de  transdncer. 
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'V 


Figure  4.14  This  photo  shows  the  NSAM  microscope.  Tie  width  of  the 
base  is  4  inches. 
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4.10  rf  Electronics 

The  dectrank  dicuitiy  used  for  feedback  aul  scan  control  woe  piimaiily 
constructed  by  Moris  Dovek  and  Chris  Lang  for  use  a  STM  [22. 23]  (Hgure  4.1S). 


Hgure4.15  This  is  the  necessary  rack  of  etectronics  to  operate  d>e  NSAM. 


Pdncipal  differences  between  diis  NSAM  and  a  tradidonal  STM  are  die  electronics 
necessary  to  process  the  if  signals  as  well  as  the  microfabiicated  t4>  and  transducer.  Ibe 
general  rf  dectronics  configuration  is  shown  in  (Hgure  4.16). 
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The  master  pulso:,  a  Systron  Donner  101  Pulse  Generator,  controls  the  timing  of 
the  entire  system.  IttriggersaHP8112ASOMHzPulseG«)eratorat  lOOkHzanddieHP 
pulse  generator  in  turn  gates  a  100  nS,  1  GHz  tone  bursts  fiom  the  Huke  6062 A  fteqi^ncy 
syntheaz^.  The  tone  burst  is  amplified  by  a  pow^  amplifier  up  to  a  peak  power  of  10  W 
before  being  directed  through  a  circulator  to  the  NSAM  probe.  The  diird  port  of  die 
circulator  is  terminated  with  a  50  load  to  prevent  reflected  signals  from  re-entering  the 
power  amplifier. 

Matching  networks  ctninected  to  bodi  the  tip  and  sample  transducer  are  used  to  tune 
the  transducers  to  similar  frequencies  as  well  as  to  reduce  the  impedance  mismatch  betweoi 
die  SO  coax  lines  and  the  acoustic  transducers.  The  if  signal  is  converted  into  an  accmdc 
wave  by  die  ultrasonic  transducer.  The  signal  dien  pnpagates  down  die  tip  into  the  sample 
and  is  collected  by  the  receiving  transducer  mounted  on  die  batdt  of  the  sample.  The 
received  signal  is  amplified  by  a  Miteq  AM-5A-0S20  which  has  50  dBs  of  gain  and  a  1.9 
dBs  noise  figure. 

Three  FET  switches  controlled  by  die  master  pulsn^  gate  out  die  direct  if  heed- 
duough,  vhich  arrives  almost  instantaneously,  from  the  acoustically  transmitted  signal 
vduch  arrives  after  a  time  interval  corre^xmding  to  die  acoustic  time  of  fli^t  of  die  tone 
burst  in  the  tip  and  sample  substrates. 

The  high  frequency  signal  is  then  mixed  down  to  a  160  MHz  intermediate 
frequency  and  amplified  agaiiL  A  crystal  detector  rectifies  die  signal  and  die  rectified  signal 
is  fed  to  a  Princeton  Applied  Researdi  boxcar  averago:  widi  input  and  ouput  time  constants 
of  100  Its.  The  ouput  of  die  boxcar  average  coriespcmds  direcdy  to  die  acoustic  power 
transmitted  from  the  tip  into  the  sample  and  therefore,  diis  signal  is  used  in  the  feedback 
ciicnit  to  maintain  a  ctmstant  transmitted  power  level  as  die  tip  is  scanned  over  the  surface. 
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A  tt^)ogra]>hic  image  of  the  soiface  is  aeaisd  by  mcmhoring  the  feedback  signal  necessary 
to  maintam  a  constant  acoustic  power.  The  total  dynamic  range  of  this  system  is  129  dBs. 
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Figure  4. 16  The  NS  AM  uses  an  rf  tone  burst  to  generate  an  acoustic  pulse.  A  heterodyne  detection  circuit 
detects  the  transmitted  signal  and  feeds  it  to  a  feedback  circuit  that  maintains  the  transmitted  signal  level 
constant. 
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Chapter  5:  Transmission  Mode  Near-Fieid 
Scanning  Acoustic  Microscope 
Operation 


5.1  NS  AM  Experimental  Procedure 

The  NSAM  described  in  this  dissmadoD  can  be  operated  in  a  traDsmission  mocte 
similar  to  other  transmission  NSAMs  [1].  In  this  mode,  acoustic  waves  are  coupled  from 
die  tip  into  a  san^le  and  are  then  detected  by  a  receiving  transducer  on  die  back  of  the 
sample  (Hgure  5.1).  The  pacing  between  die  dp  and  sample  is  controlled  by  a  feedback 
drcmitdiat  adjusts  a  piezoelectric  positiOTier  to  maintain  the  transinitted  acoustic  power 
ccmstant  An  image  of  die  surface  is  obtained  recording  the  error  signal  of  the  feedbadr 

circuit  as  the  tip  is  scanned  in  a  raster  fashion  over  the  sample. 

Aldiough  the  opoadon  of  the  NSAM  in  transmission  mode  is  reminiscent  to  that  of 
the  STM,  diere  is  (me  impcxtant  difference;  while  the  dp  in  STM  has  ccmstant  dze  and 
shape,  the  NSAM  tip  vibrates  longitndinally  as  acoustic  waves  travel  down  its  length.  The 
amplitude  of  the  tip  diqilaoement,  or  particfe  motion,  is  determined  in  parts  by  1)  the  shap*. 
of  the  tip  and  2)  die  amount  of  power  teaching  the  locaticm  in  die  tip  where  its  cross  section 
is  comparable  m  size  to  half  the  acoustic  wavelength. 

There  are  roughly  two  regions  of  interest  in  the  acoustic  padi  from  the  transducer  to 
the  apex  of  the  tip,  (Figure  5.2). 
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100  nS 


-H  h- 


HguieS.l  In  transmission  mode  NSAM,  acoustic  waves  are  gaierated  by 
die  tip  transducer,  coiqiled  to  the  sample  dnougb  die  tip  and  detected  by  a 
second  transducer  on  the  back  of  die  sample. 

Fran  the  transducer  iq>  to  the  point  in  the  tip  wh^  die  cross-section  is  approximaiely 

equal  to  7J2,  the  loss  is  proportional  to  the  ratio  of  die  tip  cross-section  at  x  =  X/2  and  the 
area  of  the  transducer.  Since  the  acoustic  impedance  mismatch  of  die  silicon  tip  to  air  is 
19.7  X 10^  to  0  kg/rah,  virtually  nodiing  is  transmitted  fix>m  the  silicon  into  d»  air.  hi  this 
region,  the  power  density  is  constant  along  the  longitudinal  axis  of  the  tip. 
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Figure  52  The  NSAM  tip  and  substrate  have  two  regions  of  acoustic 
bdiavior.  R^on  A  has  lateral  dimension  which  are  small  compared  to  a 
wavelength.  Li  this  region,  energy  densi^  is  not  constant  and  particle 
motitm  amplification  results.  In  region  B,  the  energy  densi^  is  ccHistant 

Acoustically,  the  most  interesting  region  of  the  tip  is  near  the  wh^  its  lateral 

dimensions  are  comparable  to  half  die  acoustic  wavelragth.  Hiepaiticledispl^^^nentin 
this  region  is  amplified  through  a  phenomena  identical  to  the  one  eiqploited  in  xap&asrg  rods 
for  Mason  horns  and  ultrasonic  drills  [2].  The  particle  motion  in  diis  region  is  amplified 
because  the  uqieted  sinqpe  of  die  tip  acts  to  increase  the  power  densi^  of  the  acoustic  wave 
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as  it  travels  down  to  the  apex  of  the  tip.  Since  the  power  density  is  proportional  to  the 
square  of  the  strain,  as  power  density  increases,  the  strain  increases  resulting  in 

particle  modon  near  de  vpes.  of  the  t^. 

The  region  of  the  tip  undergoing  ampli6ed  displacement  will  be  referred  to  as  the 
"amplifying"  portion  of  the  tip  and  the  portion  of  die  tip  in  vhich  die  lateral  dimensimis  ate 
much  largK  than  a  wavdength  will  be  called  the  "ntm-amplifying"  portion  of  tip.  For  the 
purposes  of  diis  analysis,  we  assume  the  the  two  regions  ate  distinct  wten  in  fact,  the 
transition  from  one  regime  to  the  other  is  understood  to  be  gradual  and  not  clearly 
delineated.  It  is  the  amplified  viteatitm  of  die  tip  that  is  responsible  for  die  large  strain  diat 
can  be  coupled  from  the  tip  into  die  sanople. 

5.2  Acoustic  Power  Propagation  From  Tip 

The  vibratitm  amplrtude  of  die  t^  can  be  calculated  using  a  model  for  elastic  motion 
ofasolidcone  with  known  diinenaons  and  input  power  entering  its  base  [2,3].  The 
motion  of  the  particles  in  the  base  of  the  tip  can  be  determined  from  fundamental  acoustic 
ptmdples  but  in  order  to  model  the  motion  in  die  amplifying  portion  of  the  tip,  it  is 
necessary  to  determine  die  irqiut  power  delivered  not  to  the  base  of  die  tip  but  to  a  plane  in 
tbe  ti^  where  the  width  of  the  cone  equals  half  the  acoustic  wavelengdi,  for  mcample  11.7 
imi  at  750  MHz  in  alicon. 

Detennining  die  power  reaching  the  amplifying  portion  of  the  tip  would  be  simpte  if 
the  tip  structure  were  a  perfect  waveguide  in  which  case  die  total  energy  readung  die 
amplifying  portion  of  die  tip  would  simply  be  equal  to  die  energy  impinging  on  the  tip's 
base.  The  power  reaching  the  base  of  die  tip  structure  is  not  difficult  to  determine  Seethe 
insotim  loss  of  the  NSAM  transducer  and  silicon  substrate  can  be  measured. 
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Z>etenniiimg  die  actual  acoustic  loss  in  the  mm-amplifymg  portkai  of  die  tip  is 
difBcult  but  dus  value  must  be  known  befcae  the  paitkle  di^lacement  in  the  amplifying 
portion  of  the  tip  can  be  calculated. 

To  deieimine  die  loss  in  die  non-amplifying  p(»tion  of  the  tip,  a  bemi^hedcal 
acoustic  lens  is  focused  mi  the  amplifying  portion  of  a  NSAM  tip  and  the  power  received 
from  die  NSAM  transducer  is  measured.  Knowing  die  input  and  oo^ut  power  of  such  a 
system,  one  can  subtract  all  the  known  components  of  loss  in  the  acoustic  path  leaving  (me 
unknown  component,  die  loss  in  the  linear  poiti(m  of  the  structure. 

The  eitperimental  configuration  and  die  measurement  apparatus  are  ^wn  in 
Bgures  5.3  and  5.4.  A  hemi^hencal  lens  is  mounted  above  the  NSAM  tip  on  manual 
translation  stages  callable  of  moving  dm  lens  in  diiee,  orthogonal  directicms  for  coarse 
alignment  ThehmnisphericallenshasanF^ofO.Tand  LSpmspotsize.  It  is  designed 
foroperaticmatlGHz.  The  NSAM  tip  is  mounted  on  a  piezoelectric  tube  scanner  vlikdi 
scans  the  NSAM  tip  in  die  x  and  y  directions  undmneath  the  hemispherical  lens  to  produce 
two-dimensional  m^ipings  of  die  radiated  powm*  from  the  tip.  A  resistive  wire  is  wrqiped 
around  the  hemi^hericallens  hoosii^  to  heat  the  water  to  reduce  its  attenuation. 

Pin  and  Pieceived^ere  measured  dixecdy  in  die  transmission  e^tperiment  The 
transmission  eiqieiiment  was  conducted  at  750  MHz.  Fcv  an  input  power.  Pm,  of  1 W. 
the  received  power,  Precdved>  was  12.5  pW,  or  -109  dB  down  from  the  input  rf  power. 

The  transmitted  power  versos  frequency  is  shown  in  Figure  53. 
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Figure  5.4  The  fer-fidd  acousiic  microscope  apparatus  is  shown  hwe. 


Chapter  5  Transmission  Mode  Near-Field  Scanning  Acoustic  Microscope  Operation 


Hgaie5^  The  traiismissionesqiniment  was  conducied  at  7S0  MHz  where 
the  total  loss  between  the  bemispbeiical  acoustic  lens  and  the  NSAM  tip 
transducer  is  109  dB. 

The  NSAM  tip  was  scanned  under  die  hemisphmcal  lens  by  die  piezoelecttic 
scannertoobtaina2-Klimensionalacousticintensity  image  of  the  tip.  An  image  of  the  t^ 
taken  with  die  t^  apex  in  the  focal  plane  is  shown  in  Figure  5.6.  The  bright  spot  in  the 
center  of  die  image  coiresptnds  to  the  convolution  of  die  difbaction-liniited  spot  size  of  die 
leas  and  die  size  of  the  t^.  The  measured  spot  is  larger  dian  the  tip  rachus  since  the 
acoustic  agnal  is  recdved  from  the  oitire  portion  of  die  t4>  in  die  focal  volume  of  die  lens 
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lepresented  by  l«is'  size  and  depth  of  field.  A  l-dimensional  scan  of  the  same  region 
taken  with  the  ^)ex  of  the  tip  in  the  focal  plane  of  the  lens  shown  in  Figure  5.7.  The  '3  dB 
points  are  £q)piozimately  3  pm  apart 


Hgure  5.6  This  10  pm  x  10  pm  fsr-fidd  aconsdc  microscope  image  of  die 
acoustic  intensity  of  an  NSAM  tip  shows  the  presence  of  the  sharp  ti^  as  a 
bright  spot  3  pm  wide. 

Turning  now  to  an  accounting  of  the  losses  in  die  acoustic  path  for  sound 
transmission  from  the  t^  to  the  lens,  die  first  ctmiponent  of  loss  in  the  acoustic  padi  to  be 
considered  is  the  insertion  loss  of  the  receiving  lens  assembly  and  d^  attenuation  in  the 
water.  The  sum  of  these  loss  mechanisms  is  determined  by  launchug  an  acoustic  pulse 
fixxn  die  lens  and  measutug  die  2-way  loss  of  the  signal  when  it  is  reflected  off  of  a 
polished  silicon  wafer  and  collected  again  by  the  lens. 
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Lateral  Distance  (4m) 


Hgoie5.7  The  NSAMt^  can  be  scaonedmidCT  die  heoii^hedcal  rustic 
tq)  to  map  die  accwisticintensiiy  profile  of  the  traasmitted  acoustic  signal 
Hie  '3  dB  poims  width  of  die  peak  is  3  pm. 

0  J  dB  of  the  2-way  loss  is  amibatable  to  the  finite  transmission  of  sound  firom  the 
water  into  the  polished  silicon  leflector.  Thel-w{^los5,calcolaiedashalfofdiemeasuied 
2-way  loss,  is  shown  as  a  fancdon  of  fieqoency  in  Figure  S.8.  At  7S0  MHz,  the  loss  is 
-39^  dB. 
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Figme  5.8  1-way  transmission  loss  of  the  hemispherical  lens  as  a  function 
of  frequency  shown  here.  At  the  frequency  of  the  transmission  ^qwriment, 
the  loss  is  -39.5  dB. 

The  nest  component  of  loss  is  due  to  the  inefficiency  of  coupling  sound  into  or  out 
of  a  small  body  such  as  die  sqwx  of  the  tip.  La  order  to  detennine  die  magnitude  of  dus  loss 
mechanism,  we  examine  the  impedance  mismatch  between  a  small  source  radiating 
^herical  waves  and  die  sunounding  isotroinc  medium.  This  impedance  mismatdi 
detennines  die  transmisrioncoefficirat  between  the  source  and  the  medium.  Itisassumed 
to  be  the  same  for  sound  travding  from  the  medium  into  the  small  body  as  welL 
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The  radius  of  curvature  of  a  NSAMt4>  is  ^pically  1000  A  or  less.  Sincetbetip 
radius  and  gap  spacing  determine  the  NS  AM's  resolutuxu  only  the  power  transmitted  from 
a  region  1000  A,Qr0.009(^awaveJengdi,fromtfaetip^pexisofintnest  The  figure  of 
interest  in  tins  experimoittherafwe  is  tiaecoiyling  efficiency  between  a  1000  A  radius 
^consource  and  a  water  medium.  It  is  assumed  that  the  adewalls  of  the  tip  are  very  steep 
and  any  acoustic  transmissions  originating  there  radiate  petpmidiculatly  to  the  t^  adewall 


and  are  ntx  collected  by  the  hemi^herical  lens. 

Fora  small  acoustic  source,  the  di^lacement  vdodty  and  the  pressure  amplitude 
are  out  of  phase.  This  can  be  understood  by  noting  dtat  fire  i«essure  amplitude,  T,  is  equal 
to  die  particle  velocity  times  the  acousdc  impedance,  vZ  The  foUowing  eqnatimi  describes 
the  acoustic  impedance  encountered  by  a  ^(^letical  wave  radiating  fiom  a  small  source  [4] 


Z*poc 


itrf  1 

{kr) 

poc 

U+(*rfJ 

(5.1) 


whoe  pp  is  the  densi^  of  die  mediom,  c  is  die  phase  veloci^,  is  die  wave  number,  and  r 
is  die  radial  distance  fiom  die  source.  When  iir  is  very  large,  £ar  from  die  source,  die 
second  term  in  the  equation  goes  to  zero  ami  the  acoustic  impedance  aiqiroaches  the 
impedance  for  a  harmonic  plane  wave  [4] 

Z  =  lpDC  (5.2) 

Near  the  source  however,  die  second  tnm  dominates  and  die  impedance  becomes 
almost  pordy  imaginary.  To  obtain  even  a  small  value  of  real  pressure  amplitude,  the  real 
particle  di^laconent  near  the  source  must  be  very  large.  Therefore,  the  power  radiation  of 
a  very  small  source  is  quhe  inefficient 
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The  equivalent  impedance  of  die  watm*  medium  seen  by  a  ^heiical  wave  radiating 
from  a  1000  A  sphere  is  1.3  x  10^  kg/mh  according  to  equation  5.1.  The  transmission 
coefficient  from  siliccm  (Zsi  =  19.7  x  10^  leg/m2s)  into  this  equivalent  impedance  of  water 
is  0.026,  or  -16  dBs.  The  coupling  of  sound  from  water  into  a  small  silicon  sphere  is  also 
assumed  to  encounter  the  same  impedance  mismatch  and  therefore  the  same  16  dBs  loss. 

The  next  lepon  in  the  acrmstic  padi  to  be  examined  extends  from  die  tip's  qiex  to  a 
plane  where  the  lateral  dimensicxi  of  the  tip  is  A/2.  This  is  the  portion  of  the  tip  which 
mqienences  amplified  motion.  Since  it  is  a  relatively  short  r^on  and  die  sidewalls  are 
steeply  sloped,  we  assume  that  no  loss  occurs  in  this  region.  The  power  densiQr  increases 
as  the  cross-sectional  area  of  the  tp  decreases.  These  factcus  result  in  amplified  particle 
motion  in  the  fashion  of  a  Mascm  Horn. 

Skipping  the  non-amplifying  portion  of  die  t^  forthe  {xesent,  the  next  loss 
componmit  is  die  NSAM  substrate  and  transducer  itself.  The  magnitude  of  this  loss 
component  is  evaluated  by  measuring  die  2-way  loss  of  a  signal  travding  from  a  transducer 
through  the  substrate  and  reflecting  off  of  die  polistedsOicoa/airintetfime.  The  reflection 
from  the  silic(Hi/air  interface  is  almost  100%  smce  the  acoustic  inqiedance  of  air  is  nearly  0. 
The  1-way  ins^on  loss  of  the  tuned  NSAM  transducer  was  shown  in  Hgure  4.10.  At 
750  MHz,  diis  component  accounts  for  7.5  dB  of  loss.  Some  additional  power  wUl  be  lost 
since  die  area  of  die  tip's  base  is  small  and  some  power  from  die  transducer  will  fall  outside 
of  diis  area.  In  the  following  discusaon,  diis  extra  loss  element  will  be  lumped  widi  the 
loss  attributed  to  die  non-amplifying  portion  of  die  tip. 

Having  accounted  for  all  of  the  known  loss  mechanisms,  the  loss  in  the  non¬ 
amplifying  pcxtion  of  die  tip  can  now  be  ctetermined.  The  total  acoustic  loss  in  die  non- 
amplifying  portion  of  die  t^,  Ltj^  is  given  by  the  following  equation 
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Li4>  — Pin”  Pieceived”  ^Uens  and  liquid  ~  ^xlintsouIoe 

”  Ltip  substrate  (5.3) 

where  Lt^  is  the  loss  in  the  non-amplifying  pomon  of  the  tip.  Pm  is  the  total  power  input, 
Pieoeived  is  the  received  power,  liens  and  liqakl  is  the  loss  of  the  hemispherical  lens, 
transducer  and  water,  Lpoim  source  is  the  loss  due  to  inefficient  radiation  from  a  small 
acoustic  source  and  Ltip  is  the  loss  of  the  NSAM  ttansdoc»  and  substrate. 


Pin 

IW 

Piecetwed 

123  pW 

hjeas  and  liquid 

-39.5  dB 

^x>int  source 

-16  dB 

Liipsabsaaie 

-73  dB 

Ltjp 

-46  dB 

Table  5.1  Total  ttansmised  power,  received  power  and  values  for  eadh 
component  of  loss  are  shown  in  this  table.  The  operating  frequency  of  die 
experiment  is  750  MHz. 

Substituting  the  values  from  Table  5.1  into  equadoo  53  yields  die  total  loss  in  the 
t^  fipom  die  base  up  to  a  point  in  die  tip  where  its  cross-section  is  roughly  half  of  a 
wavdengdi.  The  loss  in  die  non-anqilifying  portion  of  tte  tip,  is  thus  detenniired  to 

be-46  dBs. 

-20  dBs  of  the  -46  dBs  of  loss  in  the  t^  can  be  attributed  to  the  difference  in  areas 
between  the  transducer  and  the  cross-section  of  the  t^  v^heie  its  diameto’ equals  half  the 
acoustic  wavelengdL  The  remaining -20  dBs  may  be  due  to  error  introduced  in  calculating 
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tibe  ladiatian  efi5.ciency  of  the  last  1000  A  of  die  dp,  previously  modeled  as  a  radiating 
sphere. 

In  summary,  when  the  NS  AM  tip  is  excited  at  its  base  by  an  acoustic  wave,  a  total 
loss  in  signal  of  53.S  dBs  is  incurred  before  wave  reaches  die  amplifying  portion  of  the  tip. 
For  a  1 W  input  rf  power  pulse,  4.5  pW  reaches  the  amplifying  portimi  of  the  tip. 

5.3  Tip  Motion  Due  to  Acoustic  Excitation 

As  described  in  die  previous  section,  when  the  NSAM  tqi  is  excited  by  an  acoustic 
wave  at  its  base,  the  di^dacement  of  the  partkles  varies  according  to  their  position  in  die  t^ 
(Figure  5.9). 


Mason  horn  normal 
effect  •  displacement 

y  ^ -  I  - ^  y 


Hgore5.9  The  particle  motion  in  die  tip  is  a  function  of  the  location  of  die 
particle  in  the  tip.  The  figure  above  after  GrafiT  [3]  indicates  the  axes  v^ch 
will  be  used  in  die  analysis  of  the  particle  modoiL 

In  the  non-amplifying  region  near  die  base  of  the  tip,  the  particle  vdodty,  v,  is 
proportional  to  the  ratio  of  stress,  T,  to  die  acoustic  impedance ,  Z  [5]  as  shown 
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(5.4) 


The  acoustic  impedance  in  the  non-amplifying  le^on  is  a  material  constant  and  therefore, 
die  particle  velocity  is  simply  proportional  to  stress. 

In  the  portion  of  die  tip  where  the  lateral  dimensitm  is  comparable  to  half  die 
acoustm  wavelength,  the  impedance  is  no  Icmger  constant  and  begins  to  have  an  imaginaty 
cmnpcxmnL  In  this  region,  the  particle  motion  is  described  by  the  following  equation  [3] 


Flo  is  the  force  of  die  driving  function  at  a  plane  in  the  cone  vhere  the  lateral  dimension  is 
half  of  a  wavdengdi,  E  is  Young's  modulus  of  the  cone  material,  Ao  is  the  cross-sectitmal 
area  of  die  cone  at  a  point  xs  a.  The  propagation  constant,  P,  is  equal  to  oc/va'  Asx 
becomes  very  small  near  die  s^iex  of  the  tqi,  die  displacement  amplitade  increases  in  inverse 
proportion  to  x. 

The  force  at  die  point  in  die  cone  X  s:  a,  where  the  diameter  is  equal  to  half  of  a 
wavelengdi,  can  be  calculated  from  the  lelaticm  b^weoi  power  and  force  [5] 

Fs(PAZ)^  (5.6) 

where  Pis  power,  A  is  die  cross-sectional  area  and  Z is  die  acoustic  impedance.  The 
power  reaching  die  amplifying  portion  of  the  t^  was  determined  in  the  previous  section  as 
43  pW.  The  ixput  conditions  for  the  model  of  the  NSAM  tip's  motion  are  shown  in  Table 
5.2. 
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A  computer  program  was  wiinen  to  evaluate  equation  for  particle  moti(»  as  a 

function  of  distance.  The  particle  displacement  amplitude  is  plotted  against  distance  along 
the  t4>'s  longitudinal  axis  in  Hgute  5.10.  As  expected,  die  graph  demonstrates  that  the 
particle  motion  amplitude  increases  near  die  tqiex  of  die  dp. 


Fo 

48  pN 

Estiiooa 

1.9x1011  N/tn2 

Area 

27nm2 

m 

2jc(750MHz) 

Va  (silicon,  long.) 

8.8  km/s 

P 

535x103  m*l 

Table  5.2  Ihe  values  ^own  hoe  are  used  in  die  model  desciilnng  the 
amplified  pardde  motion  of  die  t^. 

In  tte  case  of  our  NSAM,  the  distance  of  most  interest  is  about  1000  A  since  dus  is 
the  approximate  radius  of  curvature  for  the  NSAM  tips.  At  distances  less  dian  1000  A,  the 
true  t^  sha^  deviates  significantly  from  the  conical  geometty  assumed  in  the  model  Ata 
distance  of  1000  A,  the  tip  ^splaoonent  anqilitude  is  17  A,  corresponding  to  a  strain  of  U 
X  lO^foran  11.7|jm  wavelmigth.  Although  die  strain  Hmit  of  silicon  is  not  wdl-defined, 
it  is  bdieved  to  be  on  the  order  of  1(H  [5]  and  therefore  comparable  to  the  strain  due  to  the 
calculated  particle  di^lacement  of  die  tip  undergoing  amplified  motion. 
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HgtneS.lO  A  ca]cti]ad<m  of  equation  5^  yields  dusciirvedemcmstratu^ 
how  the  particle  moticm  is  amplified  near  the  zpex  of  die  tip  where  die  lateral 
ahnenrions  of  die  are  (ximparable  to  d»  acoustic  waveleagth. 

5.4  Acoustic  Transmission  Mechanisms 

Iheze  are  sevoal  ways  in  which  the  strain  tiom  the  tip  can  be  CDtqited  into  die 
sample,  hi  one  non-contacting  mode  [1],  die  tip  is  brought  10  to  100  A  of  die  sample  and 
die  acoustic  wave  is  thon^t  to  be 'oiqiled  by  van  derWaals  forces.  These  forces  are 
always  attractive  and  drc^  off  as  d'^in  ttecase  of  a  sphere  separated  from  aplane  by  die 
distance,  d  [7]. 

hi  non-contactiiig  mode  AFMs,  vduch  also  utilize  van  dCT  Waals  forces,  the  typical 
force  applied  betwemi  the  tip  and  sample  is  on  the  cmter  of  10*^^  N  [8].  In  our  NSAM,  die 
detecticm  circuitry  is  not  phase  sentitive  and  therefore  does  not  distinguish  between 
attractive  and  rqntlsive  forces. 
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If  the  t4>  c(»itacts  Ae  stuface,  strain  can  be  coupled  dirou^  an  intennittent  c(»itact 
in  which  the  tip  touches  the  sample  over  only  part  of  its  displacement  cycle.  Lithismode 
since  die  applied  force  is  a  clipped  sinusoid,  higher  frequency  tenns  are  eiqiected  to  be 
Mcited. 

If  the  force  between  the  t^  and  sample  is  sufficiendy  large,  a  Hertaian  contact  is 
fom^  in  which  elasdc  defoimatioas  faring  the  tip  and  planar  sample  into  contact  over  a 
circular  area  with  radius  ac.  It  has  been  shown  that  transmission  dirough  sudb  a  Hertzian 
contact  for  a  ^herical  body  with  radius  of  20  cm  contacting  a  planar  sample  can  have 
transmission  loss  as  small  as  -1.19  dB  at  7  GHz  [9]. 

An  analysis  of  Henaaan  contacts  fry  isotropic  materials  is  provided  by  Landau  and 
Tjfshitr  [10].  Aldiough  the  t4>  material  in  our  qrstem,  silicon,  is  a  higfrfy  anisotrc^ 
material,  die  first  order  solutions  afforded  by  these  formulatirms  can  ^ve  insight  into  the 
system  at  hand. 

In  a  Hertzian  contact,  the  radius  of  die  contact  area  is  ^ledfied  by  the  following 
equation  10] 

ac  =  (FBR)l^  (5.7) 

where  F  is  the  force  between  the  two  bodies,  B  is  an  elastic  cmistant  wiiidi  is  a  function  of 
Poisson's  ratio  and  Young's  modulus,  and  R  is  the  radius  of  die  tip.  The  elastic  constant  B 
in  this  case  is  given  by 
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vidsBtca^md<s^aredicPaasson'siati.oso£ibetipaxidsampyemataialnspectiv^y.  Eaaod 
Eb  aie  die  Ycmg's  moduli  for  the  dp  and  sample  matenals  reflectively.  Ifthedpand 
sample  are  of  die  same  material,  B  can  be  expressed  as 

B=iM 

21  ^  /  (5.9) 


The  Young's  modulus  and  Poisson's  lado  for  silkon  are  1.9  x  10^^  NAn^  [1 1]  and  0.22 
[12]  respectively.  For  a  silicon  tip  contacting  a  aUcon  sample,  the  elastic  constant,  B,  is 
7.S1  X  lO'^^m^/N.  The  typical  NSAMt^'s  radius  of  curvaime  is  500  to  1000  A.  The 
ia£ns  of  contact  for  a  1000  A  radios  alictm  tip  making  a  Hertaanccwtact  with  a  sflicoii 
samplevtidiafQtceof  10^Nis20  A.  Ihe  Hertzian  contact  radios  as  a  ftmction  of  applied 
force  and  tip  radius  is  shown  in  Hgnre  5.11. 

The  fact  that  die  ctmtact  radins  is  on  the  orda  of  just  a  few  nanometers  is  important 
since  if  it  were  large,  the  contact  area  coold  limit  the  lateral  resolntion  of  die  NSAM.  In 
fact,  the  observed  lateral  resolution  of  die  microscqieiqiipears  to  be  iqiproximatety  1000  A 
indicating  diat  die  contact  area  of  the  Hertzian  contact  is  not  a  Ihniting  fectOT  in  die 
microscope's  lateral  resoluticm. 

The  magninKfe  of  the  elastic  defonnation,  h,  is  given  by  [10] 


(5.10) 


A 1000  A  radius  tip  contacting  a  surface  with  10*^  N  of  force  defcxms  0.09  A.  This 
deformation  represents  a  strain  on  the  order  of  lO*^  vdiich  is  less  dian  the  expected  elastic 
limit  of  silicon,  on  die  cmler  of  1(H  [Q. 
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derives  fipcm  the  feta  that  the  tomiding  current  decreases  exponentially  with  iocieasing 
spacing  between  the  tip  and  sample  such  diat  if  a  single  atom  on  the  tip  is  even  one  atomic 
(fiameier  closer  to  the  sample  than  its  neighbots,  it  conducts  most  of  die  tunneling  current 
[13].  It  is  the  ctm&nement  of  die  tunneling  current  to  one  or  two  atoms  on  the  tip  that 
allows  STM  to  obtain  atomic  resdutitni  images  even  with  tips  that  ate  bltmt  on  the 
microscopic  scale. 

For  s^mning  probe  microscopes  in  graeral,  the  less  sensitive  die  interaction 
between  die  tqi  and  die  sample,  diesbatper  the  tqi  must  be  in  orcter  to  confine  die 
interaction  to  a  small  lateral  area.  As  shown  in  Hgure  5.12,  if  die  vertical  sensitivity  is 
given  by  Vb,  dieintaaction  between  die  tip  and  the  sampleislimited  to  lowest  local 
a^ieri^  and  die  lateral  resolution  is  ^ven  by  Rb.  If  however,  die  signal  is  less  vertically 
sensitive,  as  indicated  by  Va,  other  local  a^ierities  can  interact  with  the  sample  degrading 
die  lateral  resolution  fiom  Rb  to  Ra- 

The  dependence  of  lateral  resolution  on  vertical  resolution  bints  diat  there  ate  two 
padis  that  can  be  puraied  in  order  to  increase  lateral  resolution,  one  is  to  produce 
increaringly  sharper  t^s  which  have  no  underired  a^ioities  and  die  other  path  is  to  try  to 
increase  die  distams  sensitivity  of  die  interaction  between  t^  and  die  sample,  ffdievettical 
soisitivity  is  high  enough,  such  as  in  the  case  of  STM,  die  microscopic  tip  sharpness  is  not 
critical 

Vertical  sensitivity  is  determined  by  measuring  die  interacticm  signal  as  a  function  of 
distance  between  the  tip  and  sample.  The  transmitted  acoustic  signal  as  a  functicHi  of  the 
distance  is  measured  by  brining  a  tip  dose  to  a  sample  and  momtoring  the  transmitted 
acoustic  signal  as  the  placing  between  the  t^  and  sample  is  modulated  by  the  apidication  of 
a  voltage  to  the  z  piezo  of  the  tube  scanna. 
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Va 

Vb 


Figure  5.12  M  near-field  scanning  probe  microscopes,  the  lateral  and 
vertical  resolutions  are  not  indq)eodenL  If  tite  vertical  resolution  is  poor, 
Va,  then  tile  near-field  signal  win  be  received  from  an  area  that  could  include 
multiple  aqietities.  fftiie  vertical  resolution  is  good,  Vb,tfaai  all  of  die 
interaction  occurs  at  one  aqieiity  and  lateral  resolution  impioves. 


Tbe  transmioed  acoustic  signal  is  identified  both  in  tile  fiequenc^  and  the  time 
domains.  Tbesignalcanbeidentifiedintfaefipegoency  domain  since  the  fieqnency  of  tiie 
local  oscillator  can  be  sdected  to  detect  signals  only  at  the  transmitting  fiequendes  of  tile 
uhrasonic  transducers.  The  signal  can  be  localizBd  in  the  time  domain  by  knowing  tiie 
acoustic  velocities  and  thicknesses  of  botti  tiie  tip  and  sample  substrates.  Fromtiiese 
values,  it  is  possible  to  calculate  tiie  transit  time  of  tiie  acoustic  pulse  from  tip  transducer  to 
tiie  lecdving  transducer. 

When  monitoiing  tiie  received  acoustic  power  signal  on  an  oscilloscope,  there  is  a 
large,  received  pulse  at  time  t  =  0  cone^xmding  to  tiie  if  agnal  wbidi  feeds  tiuou^  the  air 
between  the  poworampiifiets  and  tiie  detection  circuits.  To  distinguish  between  the 
directly  coiqiled  rf  signal  and  the  transmitted  acoustic  dgnal,  a  time  gate  is  placed  at  t  s  ti. 
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wboe  ti  conesponds  to  llie  expected  dday  of  the  acousdc  signal  passing  through  the  tip 
and  sanq)]e  mat«rial.<^  so  that  only  die  signal  ^xduch  has  tmdergcaie  the  appropriate  dday 
associated  widi  acoustic  propagation  is  detected. 

A  typical  signal  vs.  distance  plot  is  shown  in  Hgure  5.13.  The  lecdved  acoustic 
power  is  shown  on  the  vertical  axis  and  the  distance  between  the  tip  and  saoople  is  shown 
on  the  horizontal  axis.  The  acoustic  fiequency  is  654  MHz.  The  vertical  axis  is  not  very 
linear  butene  division  iqiresentsapproximatdylpW  of  powa.  The  horizontal  axis  is  60 
A  per  division  as  calculated  fitnn  die  sensitivity  of  die  piezo  tube  and  ^hed  voltage.  For 
the  vertical  sensitivity  and  agnal-to-noise  ratio  exhibited  in  Hgure  5.13,  the  vertical 
resolution  of  die  instrument  is  approximate^  15  A. 


Hgure  5.13  A  tyincalagnal  vs.  distance  graph  is  shown  in  diis 
oscOloscope  photo.  The  lateral  and  vwtical  axes  ate  60  A/division  and 
tqiproxiinatdy  1  pW/diviaon  leqiectivdy. 
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One  diffeirace  between  the  acoustic  signal  versus  distance  curve  of  NSAM  and  die 
force  versus  distance  curves  commonly  measured  in  AFM  is  that  the  NSAM  curve  does  not 
have  a  snap-in  or  sm^back  point  The  snap-in  point  appears  in  AFM  force  versus 
(finance  curves  as  die  tip  ai^iroaches  the  sample  and  comes  into  ctmtact  with  a  thin  liquid 
contamination  layer  vdiich  exerts  a  large  attractive  fwce  on  the  cantilever  causing  it  to  "sn^ 
in”  to  the  sample.  Whoi  withdrawing  the  tip  from  the  sample,  the  tip  must  be  pulled 
fiirdier  away  from  die  sample  before  the  meniscus  force  of  die  contamination  layer  can  be 
overcome  and  die  cantilever  is  released  causing  the  tip  to  "snap  back”  [14]. 

The  NS  AM  is  m(xe  like  die  SIM  than  die  AFM  widi  respea  to  the  fact  that  in  the 
NSAM  has  no  flexible  comptnent  Since  die  NSAM  tip  is  rigid  like  die  STM  tq>,  it  can  not 
be  pulled  into  the  sample  by  a  surface  contamination  layer  thus  explaining  the  absence  of  a 
snap-in  point  That  is  not  to  say  hovrover,  diat  die  sur&ce  contamination  layer  plays  no 
efifea  in  signal  versus  distance  curve  of  the  NSAM.  Even  diough  the  surface 
contamination  layCT  can  not  pull  the  tip  into  die  sample,  vdien  it  wicks  up  onto  the  tip 
(Figate  5. 14),  it  can  act  as  a  medium  fca-  conducting  the  acoustic  signal  from  the  t^  to  the 
sample. 

The  effect  of  acoustic  propagation  dirot^  sudi  a  contamination  layer  is  to  degrade 
die  lateral  resolnticHi  of  the  instrumoit  siiice  the  contamination  layer  represents  a  larger 
cross-sectional  contact  area  than  would  be  expected  from  a  Hertzian  contact  alone. 
Additionally,  the  vertical  resolution  is  also  degraded  since  die  signal  does  not  decay  as 
quickly  widi  increasing  distance  as  long  as  the  amtaminaticm  remains  in  die  gap  and  serves 
to  conduct  the  acoustic  waves  from  die  tip  into  die  sample. 
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Rgiiie5.14  A  contaminarioa  layer  eadsts  on  almost  all  samides  e3q)osed  to 
atmo^beie.  ThiskyercanbefaaveasaliqiddfQmanditsineiuscusfoioe 
enm  an  attractive  force  on  the  tq).  Acoustic  energy  can  coiqde  between  Ae 
tq)  and  sample  tfarongh  the  oontaminatum  layer  compromisittg  lateral 
resolution. 

b  should  be  noted  that  the  NS  AM's  transmitted  signal  versus  distance  carve  is 
somewhat  less  infnmative  than  either  the  STMs  cnsrent  versos  distance  or  the  AFMs 
force  versus  distance  curves.  In  tiie  case  of  the  NSAMs  curve,  it  is  not  possible  frcan  this 
infoonation  alone  to  determine  die  point  v^iere  die  t4>  comes  into  contact  with  die  sample, 
fii  STM,  die  signal  saturates  and  die  bias  voltage  goes  to  tsero  when  the  surface  is 
ccmtacted.  I-lo  such  convenient  zero  point  exists  in  die  NSAMs  signal  vasns  distance 
curve. 

Another  drawback  to  die  NS  AMs  curve  is  diat  it  is  not  calibraied  in  a  meaningful 
way.  In  AFM,  the  force  can  be  caladated  by  measuring  the  (h^lacement  of  the  cantilever 
and  knowing  the  force  constant  of  die  cantilever  used.  In  the  STM,  the  traiisiiiitted  current 
is  measured  direedy.  hi  die  NSAM,  the  measured  quanti^  is  transmitted  acoustic  powa 
and  it  can  not  be  easily  corielaied  to  force.  In  ^lort,  in  NSAM,  it  is  possible  to  {dot  die 
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variation  of  the  acoustic  power  with  distaoce  but  it  is  not  possible  in  a  first  order  analysis  to 
detennine  the  contaa  point  or  applied  force. 

Hgure  5. 15  is  a  graph  comprised  of  data  points  taken  from  the  curve  in  Hguie 
5.13.  The  data  points  ate  scatter  plotted  and  fitted  widi  an  ejqKmentially  decaying  fimctimi 
whose  decay  length  of  62  A.  In  comparison,  die  decay  length  of  the  tunuding  current 
signal  in  STM  is  approximately  1 A  and  the  STM  can  be  sensitive  to  vertical  displacements 
as  small  of  0.01  A  [13]. 
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Hgure  5.15  Data  points  from  Hgure  5.13  are  scatter  plotted 
and  curve  fit  to  a  (tecaying  exponential  curve. 
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5.6  Tip  Damage 

Damage  to  NSAM  tips  falls  principally  into  three  categories.  The  first  category, 
damage  caused  by  "tip  crashes",  is  familiar  to  anyone  \(dio  has  had  e3q)erLeiice  working 
withSIM.  Since  neither  the  STM  ncr  die  NSAM  have  a  flexible  component  such  as  the 
force  sensing  cantilever  in  AFM,  if  the  feedback  circuit  loses  control  of  the  tip  for  even  an 
instant,  die  tip  can  be  pressed  into  hard  coniaa  widi  the  sample  in  sev^  cases  the  tip  can 
be  crushed  into  die  surface.  STM  researchers  often  find,  after  obtaining  arnmir  resolution 
images,  that  die  sharpened  tungsten  wire  tip  is  "fish  hooked”.  Catastrophic  tip  damage, 
being  common  to  many  forms  of  scanning  probe  microscopes  is  not  of  particular  interest 
here.  The  two  odterfonns  of  tip  damage  ate  more  qiecific  to  NSAM  widimictofabricated 
tips  and  will  be  considered  individnally  in  die  following  subsections. 

5.6.1  Acoustically  Induced  Tip  Damage 

The  amplifying  effect  of  acoustic  waves  traveling  in  a  sharp  tip  was  discussed  in 
Section  S.3  and  calculated  to  be  17  A  for  an  input  rf  power  of  1 W.  Such  a  displacement 
rqireseats  approximately  l.Sx  1(H  strain  fm- a  750  MHz  acoustic  wave  in  silicon  having 
an  11.7  fim  wavelengdi.  Since  the  elastic  limit  of  silicon  is  on  the  order  of  10^  a  17  A 
particle  displacement  may  cause  permanent,  inelastic  damage.  If  the  power  is  increased 
from  IW  to  10  W  by  the  use  of  a  higher  power  amplifier,  the  particle  displacemiMit  at  the 
end  of  die  tip  becmnes  45  A  which  is  approxunately  a  strain  of  3.8  x  lff4  which  may 
exceed  the  strain  limit  of  silicoiL  An  additional  increase  in  power  may  arise  from  a 
particularly  efficient  matching  netwock.  A 10  dB  difference  in  ins^on  loss  can  exist 
between  two  transducers  with  similar  matching  networks. 
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Figure  S.16  (a)  shows  a  tip  before  being  acoustically  exdted.  Bgure  5.16  (b) 
shows  the  same  tip  after  it  was  acoustically  excited  with  10  W  input  rf  power.  Altiiough 
die  tip  was  not  i^)proadhed  to  any  sampte,  significant  damage  is  evidmiL  Thepattemof 
damage  is  inconsistent  with  odier  instances  of  tip  damage  resulting  from  simple  contact 
with  a  sample.  Furtheoauxe,  die  damage  on  the  tip  begins  where  its  cross  sectitm  is 
rou^y  S  pm,  or  half  die  acoustic  wavdeogth.  This  is  die  point  at  which  die  Mason  horn 
model  predicts  that  die  amplification  of  die  particle  motion  begins  to  occur.  Thisisan 
examine  (tf  tip  damage  due  to  acoustic  excitation  alone. 

5.6,2  Tip  Damage  Dne  to  Non'Ideai  Hertaian  Contact 

in  addition  to  damage  caused  by  overly  powerful  acoustic  waves,  a  second  cause  of 
tip  darriage  is  ntm-ideal  Hertzian  contacts.  Hertzian  contacts  by  nature  are  assumed  to  be 
formed  by  elastic  defonnation  of  two  bodies.  In  practice  however  indastic  deformations 
canoccur.  Hgure  5.17  (a)  diows  a  tip  before  use.  The  tip  was  then  used  in  transmitted 
signal  versus  distance  measurmnents  and  as  part  of  die  measurement  process,  die  tip  was 
approached  to  a  san^ile  20  times.  The  resulting  damage  to  the  sample  can  be  seen  in  die 
SEM  nucrogit^h  of  die  tqi  shown  in  figure  5.17  (b).  Unfortunately,  it  is  difficult  to  malcR 
a  direct  comparison  fixxn  these  incture  since  the  perspective  of  die  tip  is  different  in  eadi 
picture.  Nonetheless,  one  can  see  diat  the  very  fine  qiear-like  asperities  at  the  apex  of  die 
tip  in  the  first  have  certainly  been  destroyed  the  time  of  the  second  SEM. 
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Figure  5.16  a)  This  Up  before  acousUc  excitaUon  shows  no  damage,  b)  After  excitaUon  with  10  W  of  rf 
power,  the  tip  was  heavily  damaged  evmi  though  it  was  not  broui^t  into  contact  to  any  sample. 


Quarters  Transmission  Mode  Near-Field  Scanning  Acoustic  Microsofpe  Operation 


Chapter  5  Transmission  Mode  Near-Field  Scanning  Acoustic  Microscope  Operation 


The  plateau-like  s&ucture  at  die  tip  2q)ex  after  use  may  be  a  contamination  particle 
that  became  attached  to  the  during  use.  Although  these  SEM  photos  give  some 
indicatitm  of  the  magnimde  of  tip  damage  caused  by  non-ideal  Hertzian  contacts,  the 
damage  diK  to  diis  mechanism  during  imaging  may  be  less  than  that  shown  here  because 
while  making  die  transmitted  signal  vCTms  distance  measurements,  die  tip  transmits  at  least 
ten  times  more  power  than  is  used  during  normal,  transmisaon  mode  imaging. 
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damaged  but  shows  no  evidence  of  fracture. 
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Chapter  6:  Transmission  Mode  NSAM  imaging 


6.1  Two-Dimensional  Transmission  Mode  imaging 

The  NSAM  described  in  ftiswcMk  can  be  qperaied  in  transmissioD  modemvtiudi 
acoustic  waves  are  coupled  from  die  tq)  into  tibe  sample.  Am  image  is  fonned  by  scanning 
the  tip  over  the  sample  in  a  raster  fiasbicm  udiile  a  feedback  ciicoit  is  used  to  maintain  die 
transmitted  signal  constant  This  clupter  describes  briefly  the  experimental  procednxe  of 
transmission  mode  imaging  and  presents  several  images. 

6.2  Exparimsntal  Procsdurs 

Before  transmission  mode  imaging  can  be  perfoimed  the  transducers  are  first 
characterized  in  the  frequency  domain.  Bodi  die  tip  and  the  sanple  ttansdncers  are  thmi 
tuned  so  diat  diey  have  an  insertion  loss  minimum  at  aipranmatdy  die  same  frequency. 
The  acoustic  path  Imigth  of  the  tip  and  sample  substrate  is  detenninui  after  tuning.  Path 
length  is  detennined  by  connecting  the  transducers  to  an  zf  source  and  mcmitoring  die  time 
it  takes  an  acoustic  pulse  to  travel  to  the  fnmt  surface  of  die  substrate  and  echo  back  to  die 
transducer.  Tyjacally,  the  tip  substrate  is  a  1  mm  (100)  diick  silicon  wafer.  Since  the 
acoustic  velocity  in  silicon  is  approximately  8400  m/s  [1],  die  pulse  takes  115  ns  to  travel 
duough  die  dp  substrate.  The  time  of  flight  in  die  sample  is  a  similar  value  so  the 
transmitted  acoustic  signal  in  most  cases  can  be  mcpected  to  arrive  approximately  200  to 
250  ns  after  the  «pplicadoa  of  dte  if  pulse  to  die  transducer. 
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During  transmission  mode  imaging,  higii  speed  FET  switches  are  used  as  time 
gates  so  dial  only  signals  arriving  in  a  50  ns  window  centered  around  the  expected  arrival 
time  are  detected  and  all  other  signals  are  ignored.  Stray  rf  s^nals  reflecting  from  different 
parts  of  the  substrate  and  from  mismatched  tenninations  can  often  ^pear  at  unexpected 
points  in  die  time  dcanain  and  can  be  ccmfused  for  the  true  transmitted  acoustic  signal. 
Predetermining  die  actual  acoustic  padi  length  prevents  such  misidentifications. 

Once  the  eqiected  acoustic  delay  is  known,  die  tip  is  aligned  directly  over  die 
receiving  transducer.  The  alignment  is  done  by  approaching  the  tip  to  the  sample  using  the 
tnecfaamcal  screws  to  lower  the  tip  to  widiin  approximately  25  pm  of  (he  sample.  Usinga 
faypodennic  needle,  deionued  (DI)  water  is  iryected  into  the  g^  to  allow  direct  acoustic 
transmissicmfKxn  the  tip  transducer  to  die  sample  transducer.  Due  to  the  sizes  of  the 
transducers  and  die  possibility  of  multiple  acoustic  echos,  some  acoustic  signal  can  almost 
alwaysbedetectedevenif  die  transducers  are  poorly  aligned  When  Dlwai^  is  present  in 
die  gap.  flat  regions  of  the  sQuxm  wafer  surrounding  the  tip  conduct  most  of  the  acoustic 
power.  Therefore,  die  acoustic  agnal  intend  is  very  sensitive  to  die  relative  tilt  of  die 
sanqde  widi  respect  to  die  t4>  since  the  acoustic  plane  waves  can  experience  phase- 
cancellation  if  the  wafer  substrates  are  not  paralleL  Tilt  is  not  a  significant  concern  vdien 
doing  the  actual  nansmissicm  mode  imaging  however  since  the  acoustic  waves  ate 
introduced  to  die  sample  ?*  a  very  small  spot  and  they  piqpagate  ^berically  into  the  sample 
indqiendent  of  die  exact  angle  of  the  relative  to  die  sample. 

To  perform  the  fine  alignment,  the  x  and  y  pc^tions  of  the  microscope  head  are 
adjusted,  nang  the  translation  stage  on  the  microscope  head,  until  the  signal  is  maximized 
The  precision  of  the  translation  stage  is  iqiproxiniaiely  25  pm.  Due  to  multiple  lobes  in  the 
intensily  field  of  the  transducers,  mul^le  peaks  typcally  ^pear,  making  it  difficult  to 
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decide  wfaidi  peak  represents  the  central  lobe.  In  general,  the  central  lobe  can  be  identified 
because  it  arrives  eaihest  in  time  after  the  application  of  the  rf  pulse  and  its  intensity  drops 
off  most  quickly  with  changes  in  lateral  position.  The  time  domain  signal  of  two  weU- 
aligned  transducers  coiqtled  through  DI  water  is  shown  in  Hgure  6.1. 


Hgure  6.1  This  oscilloscope  photo  shows  the  feed-ditou^  rf  pulse  (left) 
and  the  acoustically  coupled  pulse  (right).  The  feed-through  rf  signal  is 
coupled  ffom  the  rf  source  to  die  rf  detector  through  die  air  and  thraefore 
arrives  almost  instantaneoudy.  The  acoustically  coupled  pulse  arrives  after 
a  delay  time  determined  by  die  path  length  and  die  acoustic  velodty  in 
water.  The  horizontal  axis  is  50  ns/divirion. 

When  the  alignment  is  piqieiiy  completed,  the  DI  water  is  blown  out  of  die  gap 
widi  a  filtered  air  gun  and  the  sample  is  allowed  to  dry  fen  a  few  minutes  before  proceeding 
with  the  eiqieriment 
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6.3  Transmission  imaging 


Tiwaging  in  tfae  transmission  mode  is  accomplished  in  a  manner  qmilar-  to  the 
omstant  cuneat  mode  for  STM  or  constant  force  mode  for  AFM  The  tip  is  scanned  over 
die  sample  while  a  feedbadc  dicuit  controls  the  z  pezo  of  the  scanner  tube  constantly 
adjusting  tfae  spacing  between  tfae  tip  and  tfae  sample  to  ke^  the  transmitted  signal  constant 
The  image  of  the  surface  is  created  by  recording  die  output  of  tte  feedback  circuit  for  each 
X  and  y  position.  Hguie  6.2  shows  a  SEM  image  of  a  micron  period  grating  fabricated 


Hgure  6.2  This  SEM  photo  ^ows  a  63  micron  period  silicon  grating  with 
step  hei^t  of  940  A. 
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Hgme  63  A  dose-up  SEM  photo  of  grating  profile  shows  that  the  of 

the  trenches  is  about  940  A.  The  grating  edges  ate  not  sharp. 

The  depdi  of  the  trenches  as  measured  from  the  SEM  in  figure  63  is  940  A. 
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Hgiiie6.4  This  traasmisrion  NSAM  image  of  the  6^  micron  period  silicon 
grating  was  taken  using  a  tetrahedral  tip  and  an  acotBticfieqaegKy  of  135 
MHz.  A  hybrid  NSAM  assemhly  was  used  to  tste  tins  image. 

The  NSAM  image  of  the  same  grating  is  shown  in  figure  6.4.  Thedqithofthe 
trenches  as  measured  fiom  die  NSAM  images  is  960  A.  Ittocdcai^roximaielySminotesto 
scan  this  512  x  512  pixel  image. 


Chapters  Transmission  Mode  NSAM  Imaging 


Figute6J  The  scan  diiBction  was  nnaied  to  yidd  tins  3-dimeosioiia^ 

transmission  NSAM  linage  of  a  63  jtm  period  silicon  grating  with  940  A 
stq>heigbL  The  image  was  taken  using  a  tetrahedral  tip  and  an  acoustic 

frequmicy  of  135  MHz. 

The  scan  angle  was  rotated  to  i»oduoe  die  three-dimensionally  rendaed  image  of 
the  same  grating  shown  in  Rgure  63  These  images  were  taken  using  135  MHz  acoustic 


129 


Chapter  6  Transmission  Mode  NSAM  Intaging 

waves  in  die  ccHistant  height  mode.  A  tetrahedral  tip  with  anodically  btmded  transducer 
was  used  to  obtain  diis  image. 


Hgoie6.6  During  imaging,  die  transmitted  acoustic  signal  became  unstaMe 
and  die  image  quality  was  pernianently  degraded.  inspection  in  the 

SEM,  die  t^  was  found  to  be  fractured  ^ipaiendy  along  crystallographic 
planes. 

During  hnaging  the  feedback  loop  momentarily  became  unstable  and  die  resolution 
d^raded  significandy.  Inspection  of  dm  t^  in  a  SEM  revealed  diat  die  t^i  had  probably 
come  into  hard  contact  with  die  sanqile  resulting  in  the  factoring  of  the  tip  (Hgure  6.6). 
Chi  several  occasions,  die  fiactming  of  the  tetrahedral  tips  seemingly  along  crystallogr^hic 
planes  was  observed. 


130 


Chapter  6  Transmission  Mode  NSAM  Imaging 


Tbs  6  J  micron  grating  was  also  imaged  using  a  ccaiical  t^)  widi  an  integrated 
transducer  fabricated  on  die  same  silicon  substrate.  For  the  image  shown  in  figure  6.7  die 
acoustic  fiequency  was  815  MHz.  The  signal-to-noise  ratio  of  diis  image  is  noticeably 
higher  dian  that  for  the  images  taken  at  135  MHz. 

The  SEM  cross-section  of  the  grating  shown  in  Figure  6.3  shows  that  the  transition 
width  from  10  to  90%  height  is  1250  A.  The  10  to  90  %  transition  in  die  NSAM  ima^  is 
1300  A  as  shown  in  Hgure  6.8. 


Figme6.7  A  cmiicalt^  integrally  fabricated  with  a  200  |jm  transducer  was 
used  to  obtain  diis  image  of  the  6.5  Mm  sOicon  grating.  The  acoustic 
frequency  was  815  MHz. 


The  6.5  micron  grating  was  also  imaged  u^g  a  conical  with  an  integrated 

transducer  fabricated  on  the  same  silicon  substrate.  For  die  image  shown  in  figure  6.7  the 
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acoustic  irequency  was  815  MHz.  The  sigoal-to-noise  ratio  of  this  hnag&  is  noticeably 
higher  than  that  for  die  images  taken  at  135  MHz. 

The  SEM  cross-section  of  the  grating  shown  in  Figure  63  shows  that  the  transition 
width  fiom  10  to  90%  height  is  1250  A.  The  10  to  90  %  tiansitiQn  in  the  NSAM  image  is 
1300  A  as  shown  in  Figure  6.8. 
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Hgiiie6.8  An  NSAM  image  of  a  reduced  scan  area  is  used  to  obtain  a  1- 
dimensiQnal  trace.  Hie  10to90%traDsitk)noftliesiq>isnieaso]:edfiom 
the  trace  to  be  1300  A  whereas  die  grating  transilioa  as  measured  from  the 
SEM  profile  in  Figure  63  was  1250  A. 
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Chapter  7:  Electrostrictive  Mode  Near-Field 

Acoustic  Operation  and  Imaging 


7.1  Electrostrictive  Mode 

In  previous  dusters  tbe  transmisaon  mode  ppeiadon  of  NS  AM  has  been 
discussed.  While  transmission  mode  NSAM  imaging  provides  good  lateral  resolution 
and  can  be  used  to  image  insulators  as  well  as  ctmductors.  this  mode  of  operation  has 
several  experimental  disadvanti^es. 

The  foremost  disadvantage  of  the  transmission  mode  is  that  it  necessarily  utilizes 
two  transducers,  one  on  the  tip  substrate  and  the  otiber  on  die  sample.  Theneedfora 
transducer  on  the  sample  means  diat  any  potential  sample  must  first  have  an  ultrajonic 
transducer  fabricated  on  its  bade  sitte.  This  requirement  limits  the  range  of  samples  that 
can  be  examined  in  the  NSAM.  A  second  ctmsequence  of  using  two  transduems  is  that 
alignmmitof  the  tip  with  respect  to  the  sample  is  impmtant  Even  if  bodi  transducers  are 
w(»idng  properly  and  are  tuned  to  same  frequency,  any  misalignment  results  in 

attenuation  of  the  transmitted  acoustic  signal 

Another  possible  disadvantage  of  ttansmissi<m  mode  imaging  is  diat  the  tip  may 
be  in  contact  with  the  sample  during  operation  in  this  mode.  While  Takata  has  suggested 
the  operation  of  the  NSAM  in  a  noir-contacting  transmission  mode  using  van  der  Waals 
attractive  forces  to  couple  acoustic  power  from  tip  to  sample  [1],  such  a  technique  has  yet 
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to  be  demonstrated.  Contact  imaging  is  c(»nmon  in  the  field  of  AFM  but  even  there,  a 
growing  number  of  leseaichers  are  moving  toward  non-contact  mode  imaging  to  avoid 
problems  associated  with  fiiction  and  sample  damage  [2]. 

Electrostrictive  imaging  mode  is  a  non-contact  mode  of  operation  that  utilizes 
dectiic  fields  between  the  tip  a  sample  to  generate  acoustic  waves  [3].  An  rf  electric 
field  applied  between  the  tip  and  the  sample  exerts  time-varying  attractive  forces  between 
tip  and  sample.  These  attractive  forces  goieiate  acoustic  waves  ttiiich  propagate  up  the 
tip  where  they  are  detected  by  the  tip  transduce  (Figure  7.1).  Only  one  transducer  is 
necessaiy  in  electrostrictive  mode  opetatitm,  hmtce  the  problem  of  aligning  transducers  is 
eliminated. 


Hgure  7.1  ^>plying  an  tf  electric  fidd  between  a  conductive  tip  and 
sample  etectrostrictively  generates  acoustic  waves  which  can  then  be 
detected  by  dte  tip  transducer. 
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The  electrc^trictive  mode  is  not  without  its  own  disadvantages.  First,  since  the 
electrostrictive  mode  is  non-contacting,  the  resolution  may  be  lower  than  in  the 
transmission  mode  because  the  spacing  between  die  tip  and  sample  is  increased. 
Secondly,  since  die  electrostrictive  mode  relies  on  electric  fields,  the  sample  and  tip  must 
be  somewhat  conductive  to  localize  die  electric  field. 

The  following  sections  describe  our  first  attempts  at  electrostrictive  mode 
imaging.  A  simple  model  for  acoustic  generation  will  be  presented  and  some  t^  damage 
mechanisms  will  be  discussed. 

7J2  Electrostrictive  Generation  of  Acoustic  Waves 


If  a  t4>  and  sample  are  conductive,  acoustic  waves  can  be  generated  by  qiplying  a 
tiine-vaiying  electric  field  betwemi  the  tip  and  sample  acting  as  counter  dectrodes.  The 
presence  of  die  dectiic  field  creates  an  attractive  force  between  die  tip  and  the  sample 
diat  is  identical  to  die  force  ^riudi  exist  bdween  plates  of  a  parallel  plate  capacitor.  The 
acoustic  power  that  is  generated  from  a  given  electric  field  strength  is  found  by 
expressing  die  acoustic  power  as  a  function  of  force  and  force  as  a  function  of  die  dectric 
fidd. 

If  die  medium  is  assumed  to  be  lossless,  the  acoustic  power  generated  by  a  given 
force  can  be  calculated  firom  the  equation 


^^  =  V,TS 
A 


(7.1) 


where  Psc  is  die  acoustic  power,  A  is  the  area  of  each  capacitor  plate,  Va  is  the  acoustic 
vdodQr,  T  is  stress  and  S  is  strain.  In  order  to  express  the  acoustic  power  as  a  functicxi  of 
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force,  the  two  following  relations  are  necessary  [4].  The  first  is  simply  Hooke's  Law 
relating  strain  to  stress  uy  an  elastic  constant,  c. 

(7J) 


The  second  necessary  relation  is  the  expression  of  the  acoustic  velocity  in  terms  of  the 
elastic  constant  and  the  density,  po.  This  relation  results  directly  firom  the  solution  to  the 
wave  equation  for  acoustic  waves. 


(73) 


Using  equations  7. 1, 73  and  7.3,  die  accuse  power  can  be  written  as  a  function 
of  force  on  the  plates  of  a  capacitor.  The  force  on  die  plates  of  a  parallel  capacitor  can  be 
esqnessedas 


F  =  - 


2eA 


a.4) 


where  F  is  dre  force  on  die  capacitor  plates,  q  is  die  charge  on  eidm-  plate  and  £  is  die 
dielecttic  constant  of  the  material  in  the  gap.  In  the  case  of  a  parallel  plate  c^acitor  the 
capacitance,  C,  can  be  written  as  C  »  qfV  and  C  =  eA/d,  where  d  is  die  distance  between 
the  plates.  Thus,  equation  7.4  can  be  rewritten  as 


F--1£AE2 

I 


(73) 


vdiere  E  is  the  electric  field  between  the  electrodes. 

Hnally,  die  tdatton  between  the  acoustic  power  and  the  electric  field  can  be 
expressed  by  substituting  equations  7.2, 7.3  and  73  into  equation  7.1  to  yield 
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4 


(7.6) 


Equation  7.6  shows  Aat  the  acoustic  power  increases  with  area,  as  expected,  and  is 
proportional  to  the  fourth  power  of  the  electric  field.  Since  the  electric  field  goes  as  d'l 
for  a  fixed  voltage,  this  equation  indicates  that  the  acoustic  power  falls  off  as  tite  d*^. 

Although  ±e  d*^  dqtendence  of  the  acoustic  power  on  distance  is  not  as  strong  as 
tile  ncponential  signal  dependmce  obtained  in  STM  and  expetimoitally  observed 
transmission  mode  NSAM,  by  comparison,  van  d^  Waals  force,  which  is  the  measmed 
quantity  in  attractive  mode  AFM,  only  decreases  as  d*^. 

An  important  consequence  of  tiie  bdiavior  of  force  is  that  frequency  mixing 

can  occur  through  this  non-linear  intoaction.  For  sample,  a  time  varying  electric  field, 
E  s  Eosin(ait),  applied  to  the  electrodes  ]Hoduces  a  force 


F«  i£AE§[l-sin(2<0t-q>jj 


a.7) 


where  9  equals  -ic/2.  Since  the  force  generated  by  tiie  electric  field  goes  as  E^,  tiie  total 
force  consists  of  a  sum  and  difiference  teim.  The  sum  term  yields  a  signal  at  beqaeacy 
20)  while  the  diffmence  term  produces  a  DC  component 

The  mixing  effect  of  the  electric  force  interaction  can  be  beneficial  in  sev^al 
respects.  Since  an  input  electric  field  signal  at  finequency  m  produces  an  acoustic  signal  at 
209,  tiie  detection  dectronics  can  provicfe  a  better  signal-to-noise  ratio  by  filing  out  the 
unwanted  rf  feed-through  signal  at  m.  Knowing  the  acoustic  signal's  expected  frequency 
and  acoustic  time  delay  allows  proper  idmitification  of  the  received  signal  from  amcmg 
other  sources  of  stray  if  noise. 
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Otber  researchers  are  investigatiiig  Ae  use  of  diis  mixing  efGsct  widi  the  AFM  to 
sample  high  firequency  signals.  If  a  sample  has  a  high  fluency  signal,  coi,  (m  board  this 
signal  can  be  detected  electrically  by  iq)plymg  a  second  rf  iOeld,  toi,  between  die  tip  and 
sample  and  sweqnng  the  fmpiency  of  the  iqiplied  fidd.  The  applied  field  and  the 
sample's  if  signal  mix  and  electiostiicdveiy  generate  acoustic  waves  at  q>i-<02  and  a)i4o>2. 
A  peak  le^nse  will  be  detected  by  the  acoustic  transducer  when  (a>i-<D2>  or  (011+002) 
equals  the  tip  transducer’s  operating  frequency  [5, 6]. 

7^  Acoustic  Power  Versus  Distance 

There  has  been  some  conjecture  that  electrostrictive  forces  do  not  decay  widi 
distance  rapidly  enough  to  be  useful  as  a  feedback  signal  in  near-field  imaging  [3].  While 
such  claims  certainly  have  much  empiiical  support,  without  further  investigation  diey  are 
not  conqiletely  jusdfiahle  ance  &ctois  such  as  the  signal-to-noise  ratio  and  the  sharpness 
of  the  t4>  also  help  determine  vdiedier  or  not  a  particular  interaction  mechanism  is 
suitable  for  use  in  near-fidd  microscopy. 

To  determine  whether  or  not  a  particular  interaction  mechanism  can  be  used  to 
produce  a  feedback  signal  for  near-fidd  imaging  we  measured  the  signal  vs.  distance 
curve  for  the  system.  A  desaiption  of  the  measurement  procedure  for  die  transmission 
mode  signal  versus  distance  curve  was  presented  in  CTiapter  5.  In  a  siniilar  fashion  die 
dectrostrictivdy  generated  acoustic  power  dS  a  fimction  of  distance  is  measured  by 
approaching  die  tip  to  the  sample  until  a  signal  is  barely  detectable.  The  curve  is  plotted 
by  monitoring  die  acoustic  powo:  signal  while  the  ^pacing  b^ween  die  dp  and  the  sample 
is  dectronically  modulated  by  extending  and  contracting  the  piezoelectric  tube  scanner. 
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A  measured  signal  versus  distance  curve  is  shown  in  Figure  7.2  The  rf  excitation 
frequency  was  355  MHz  and  the  acoustic  signal  was  detected  at  710  MHz.  Tbeinputrf 
power  was  10  W.  Similar  to  the  transmission  mode  acoustic  signal,  the  electrostrictively 
generated  acoustic  signal  also  does  not  display  a  snap-in  behavior.  When  the  vertical  axis 
is  corrected  to  be  linear  in  power,  the  acoustic  power  can  be  replotted  as  in  Figure  7 3. 


Figure  7.2  This  oscilloscope  photo  di^lays  die  electrosttictively 
goieraied  acoustic  signal  power  vs.  distance  betweoi  the  tq)  and  sample. 

The  horizontal  axis  is  1000  A/divisitm.  The  non-linear  vertical  axis 
rqxesents  power  from  0.03  to  6  nW  as  measured  at  the  defection  drcnit 
ouqiut 

It  was  seen  in  equation  7.6  that  the  acoustic  power  is  expected  to  be  ixoporticHial 
to  E^.  To  confirm  diat  this  behavior  occurs,  the  acoustic  power  is  plotted  as  a  function  of 
1/distance.  1/distance  is  chosen  as  the  horizontal  axis  since  the  electric  fidid  is 
proportional  to  1/distance  when  the  input  rf  voltage  is  held  constant  Data  points  were 
takra  from  Hgure  12  and  scatter  plotted  ^gure  7.4). 
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Hguie  7.3  Data  points  ate  taken  from  dte  oscilloscope  photo  in  Hguie  7.2 
and  plotted  against  the  vertical  axis  which  is  conected  to  be  linear  in 
powier.  Electrostrictively  generated  acoustic  signal  powCT  is  plotted 
against  increasing  distance  between  die  t4>  and  sample. 

The  dqpendence  for  laige  distances  supports  the  contention  that  the  monitored 

signal  is  in  fact  die  acousdc  signal  diat  is  geimiated  by  the  electrostrictive  generation 
mechanism.  At  small  ^lacings,  vdme  the  data  deviates  finxn  the  e:q)ectedE^ 
dependence,  some  portions  of  the  tip  may  actually  be  coming  into  contact  with  the 
sample  or  contamination  layer  thmeby  changing  the  effective  impedance  of  the  gap. 
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In  addition,  if  the  electrical  ccmtact  is  large  enough  to  support  significant  current 
flow,  local  resistive  heating  may  initiate  thennoacoustic  goieration  of  acoustic  waves. 
Resistive  heating  is  proportional  to  the  square  of  the  voltage  and  therefore,  any  acoustic 
signal  generated  by  tiiis  mechanism  would  also  display  exhibit  fiequency  doubling. 


1/Distance  (1/A) 


Hgure  7.4  Ihe  relation  of  acoustic  power  to  distance  exhibits  £4  bdiavior 
atlaigespadngsandisweflfitbyacurve, Y  =  0.042 -f  1.4x4.  Thedatais 
plotted  as  adashed  line  and  the  fitting  curve  is  shown  as  asolid  line. 

7,4  Relation  of  Acoustic  Power  to  Force. 

In  addition  to  the  advantages  of  single  transducer  operation  and  non-contact 
imaging,  tiie  elcctTOStrictive  mode  of  opoation  has  one  other  clear  advantage  over  the 
transmissitm  mode  imaging.  Li  tiie  electrostrictive  case,  the  coupling  mechanism 
between  the  sample  and  tip  is  relatively  clear  compared  to  die  transmission  mode  case 
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it  is  sdll  uncertain  as  to  which  coupling  mechanism  dominates  the  interaction 
between  the  and  sample. 

In  the  electrostrictive  case,  the  acoustic  power  genoated  by  die  electric  field  can 
be  modeled  and  calculated  knowing  die  magnitude  of  the  applied  if  electric  fi^d  as 
shown  in  equation  7.5.  The  fmce  for  a  given  if  voltage,  V,  is 

F  =  -£AVi 

2d2  (7.8) 

For  10  W  input  rf  power  the  cone^ionding  nns  voltage  is  22.2  V  on  SO  Q  coaxial 
lines,  fii  the  dectrostiictive  mode,  die  if  field  is  ^lied  to  die  open  circuit  represented  by 
die  gap  between  die  tip  and  sample  so  the  actual  voltage  including  lefiection  will  be  44.4 
V.  The  dielectric  in  the  gtq)  is  assumed  to  be  air  or  vacuum.  The  area  is  takm  to  be  a  flat 
circularaieaof  1000  A  radius.  This  is  a  reasonable  assumption  for  the  first  order  smce 
die  force  is  a  weak  fhncticm  of  distance  and  the  entire  cross-sectum  of  the  1000  A  tip 
radius  is  assumed  to  interact  with  die  san^le 

When  equation  7.8  is  calculaied  itcan  be  plotted  against  distance  as  is  shown  in 
Flguie7.5.  In  the  electtosttictive  case,  die  minimum  detectable  force  is  found  to  be  on 
the  order  of  10^  N.  Electrostrictive  imaging  is  lineally  conducted  at  a  placing  of  1000 
A  so  the  force  associated  with  imaging  is  actually  in  die  mid-lO^'s. 


% 
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Distance  (A) 

Hgiue  7.5  In  die  electrostricdve  mode  of  opeiation,  die  force  between  die 

tqi  and  die  sample  can  be  calcnlated  frmn  the  acoustic  power  received. 

Typical  fmce  used  dunng  imaging  is  in  the  10^  N  range. 

Hie  parallel  plate  capacitor  model  for  calculating  applied  force  during 
dectrostrictive  mode  imaging  is  very  crude.  A  more  detailed  modd  should  include  die 
actual  capacitance  between  a  plane  and  a  sphne  or  a  idane  and  a  ccme  [7].  Ataspacing 
of  1000  A  from  a  conductive  plane,  a  1000  A  radius  sphere  has  a  cqiacitanoe  of  U  X 
(4]iEr),  whmer  is  die  radius  of  the  sphere  [8].  Calculated  in  this  manner,  with  an  applied 
voltage  of  44.4  V,  the  force  on  the  ^here  is  -10^  N  compared  to  -3  x  10^  N  calcnlated 
assuming  the  parallel  plate  modd.  One  factor  which  would  tmd  to  reduce  the  calculated 
forces  is  the  assumption  for  applied  voltage,  hi  the  present  modd  die  voltage  between 
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theti^andtfaesainpleissimply  calculated  from  Vs  (PR)'i^  where  Pis  lOWandRis 
50 12.  In  reality,  parasitic  capacitances  between  the  line  and  ground  may  reduce  the 
actual  voltage  vduch  t^>pears  between  the  t4>  and  sample.  Even  a  small  reduction  in 
voltage  could  be  significant  since  die  force  goes  as  the  square  of  voltage. 

Anotiber  simplifying  assumption  whidi  could  be  enhanced  is  the  assumption  that 
die  dielectric  medium  in  the  gs^  is  air  or  vacuum.  At  large  distances,  it  is  a  good 
assumption  toleteseobntasthe  gap  becomes  smaller,  the  capacitance  is  increasittgly 
dominated  by  the  dielectric  coefSdent  of  the  10  to  100  A  thidt  contaminatitm  layer 
which  is  assumed  to  have  a  dielectric  coefficient  similar  to  hydrocartxms.  The 
d^pacitanoe  and  force  increase  linearly  with  increaring  e  and  dierefore  die  force  is 
expected  to  rise  faster  titan  d*^,  predicted  by  the  air  didectric  assumption,  as  die  placing 
deceases  below  1000  A. 

Due  to  these  and  odier  factors  which  are  at  present  unknown,  the  modd  presented 
above  can  tmly  be  useful  in  giving  a  heuristic  sense  of  the  force  behavior  in  the 
dectrostrictive  mode.  M(»e  rigorous  anafysisau^  be  posable  when  an  NSAM  is 
demonstrated  in  vacuum  where  contamination  layers  are  eliminated. 

7JS  Electrostrictive  Mode  Imaging 

In  (»rder  to  use  the  dectrostrictive  imping  mode  a  few  simple  modifications  must 
be  made  to  die  NSAM.  The  most  important  modification  is  die  introductirm  of  a  rf 
coaxial  line  very  close  to  dm  tip  and  sample.  The  magnitude  of  die  acoustic  signal  that 
can  be  generated  rdies  direcdy  on  how  efifidendy  die  rf  electiic  fidd  can  be  introduced 
into  die  g^.  The  rf  electric  fidd  must  be  brought  as  close  to  die  gap  as  posable  duough 
a  coaxial  line  terminating  in  die  open  dtcmt  gap.  A  special  fixture  to  hold  the  tip  was 
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with  one  coaxial  line  to  deliverdieif  power  to  the  gap  and  a  second  line  to 
transmit  the  detected  acoustic  signal  from  the  tip  transducer  to  the  detecdtm  electronics 
(Hgure  7.6). 


Figure  7.6  Ihetq)  holding  fixture  has  one  coaxial  line  to  bring  in  die  rf 
field  to  be  applied  to  the  gap  and  second  coaxial  line  to  receive  the 
detected  acoustic  signal  fiom  the  tqi  transdi^er. 

The  tip  is  mounted  on  die  ^ledalized  t4>  holder  and  a  gold  wire  is  soltfered 
between  dre  tip  and  die  cmiter  conductor  of  the  rfddiveiy  coaxial  line.  Thetipisdien 
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brought  witibJn  a  hundred  microns  of  tibe  sample  using  the  positimiing  screws.  A  1  mil 
gold  wire  is  Aen  attached  from  Ae  sample  to  the  outm-  conducts  of  the  coaxial  line  so 
that  the  sample  is  effectively  grounded.  The  lengA  of  each  gold  wire  is  made  as  short  as 
possible  and  is  ^pically  1  cm.  Then,  wiAout  the  need  for  any  alignment,  Ae  tip  is 
lowered  A  its  final  position  over  the  sample  and  the  if  electric  field  is  excited.  Thefinal 
apinoach  is  made  electronically  by  extending  the  inezodectiic  tube  scann»  while 
mmutoring  Ae  acoustic  signal 

When  the  tip  is  suffidentiy  close  to  Ae  sample,  an  acoustic  signal  is  detected. 
Since  die  etectric  force  interaction  is  non-lizAar,  an  exdting  electric  field  at  fiequmicy  m 
produces  an  acoustic  agnal  at  frequency  2(0.  Hhms  ate  used  A  attenuate  die  feed- 
throng  signal  at  die  fundamental  frequency  A  inqxove  die  signal-to*noise  ratio  at  2m. 

As  in  die  transmission  mode  case,  a  time  gate  is  placed  on  die  received  signal  so  diat  mily 
die  incommg  signal  wAich  has  undergone  Ae  esqiecied  delay  associated  wiA  acoustic 
pn^Mgationm  die  tip  is  ciqitQied  A  create  Ae  image.  The  abili^  A  identify  Ae  signal  m 
fiequency  and  time,  allows  hi^ier  ctmfidence  diat  the  image  is  composed  of  the 
electrostcictiveiy  generated  acoustic  s^nal  only. 

The  sample  and  tip  must  be  conductive  in  order  for  the  dectrostrictive  mode  A 
function.  The  grating  shown  in  Hgnre  7.7  (xmsists  of 4000  A  thick  gold  liiAs  on  an 
evaporated  aluminum  film  on  a  silicon  substram.  The  lines  are  2  pm  wide  and  the  grating 
period  is  7.5  pm.  The  qualify  of  the  edges  is  low  due  a  poor  lift-off  of  die  gold  film 
during  fabrication. 
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Bguie7.7  Tbe  gold  gratiiigccssists  of 4000  A  dude  gold  lines  dqxxsited 
on  an  aluminum  covered  silicon  v/afer.  The  period  is  7^  pm  and  the  line 
widdis  is  2  pm. 

The  image  of  die  sample  taken  in  electrostrictive  mode  is  shown  in  Hgnre  7 .8. 
The  apparent  non>lineaxi^  in  the  grating  poiod  is  due  to  the  ncm-linearity  of  die  large 
scale  piezo  scani^  used.  Ibe  bright  object  at  die  lisht  is  the  anallest  individual  feature 
diat  was  resolved  and  dierefcns  the  latoal  resolution  of  the  micioscope  in  this  instance  is 
ai^noximately  5  pm.  The  received  acoustic  power  levd  during  imaging  was  set  at  0  J 
nW  which  cotiesponds  to  a  force  of  50  nN.  The  placing  between  the  tip  and  the  sample 
was  iqiproximately  1000  A.  Ibe  image  took  ^proximately  3  minutes  to  create. 
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Hgine  7.8  An  dectrostdcdve  mode  image  of  73  4m  period  gold  grating, 
is  shown  here. 


The  thin  gold  lines  »riiich  riionld  be  2  ^im  appear  much  wider  in  the  image. 
Several  factors  may  be  contribndng  to  diis  effect  The  first  is  simply  the  sharimess  of  die 
tq>.  AJtfaoagh  most  t4>s  have  iqjproximateiy  500  to  1000  Aradios  when  they  are 
fabricated,  the  presence  of  die  metal  coating  or  damage  to  the  tip  could  cause  die  tip  to  be 
duller  dian  oqiected. 

M(ne  fhndamental  problems  result  from  die  fact  diat  the  equipotential  lines  over 
the  sample  sor&ce  may  not  be  faithful  to  die  surface  topography  at  the  height  of  the  tip 
over  the  sample.  For  example,  electric  field  lines  ate  concentrated  around  sharp  ed^ 
and  points  and  dmefote,  such  features  should  be  accentuated  m  die  images. 
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In  Hguie  7.8,  the  quality  of  the  tip  and  not  dte  electric  field  effects  is  probably 
responsible  for  the  poor  resolutioiL  The^  are  die  first  images  obtained  in  electrostrictive 
mode,  and  therefore  there  is  much  room  for  improvement  An  orc^  of  magnitude  of 
improvement  in  die  resoludon  should  be  attainable  simply  by  improving  the  quality  of  the 
tips  and  optimizing  the  rf  electronics  for  use  in  electrostrictive  mode  imaging. 

7.6  Tips  R>r  Efectrostrictivs  imaging 

In  electrostrictive  mode  imaging,  the  tip  and  sample  must  be  conductive  in  onter 
to  confine  die  electric  field  to  the  gq>  between  die  t^  and  the  sample.  The  best  way  to 
make  conductive  microfalnicated  tips  might  be  to  heavily  dope  the  surface  of  the  silicon 
tip  during  fabrication.  At  the  time  die  tips  were  falnicated  for  this  generation  of  the 
NS  AM,  the  need  for  conductive  tips  was  not  anticipated  and  therefore  the  silicon  tips 
were  fabricated  using  lighdy  doped  silicon.  In  order  for  the  tips  to  be  useful  in  tte 
dectrostrictive  mode,  a  way  had  to  be  found  to  make  the  tips  conductive. 


7.6.1  Danu^  to  metdlized  tips 


The  easiest  mediod  for  making  die  tqis  conductive  without  doping  the  silicon  is  to 
coat  them  with  a  metal  Ihe  metal  coating  must  be  thick  enough  to  be  conductive  while 
not  being  so  thick  as  to  detract  gready  from  die  sharpness  of  the  tip.  Gold  was  chosen  as 
die  metal  for  die  coating  since  it  is  highly  conductive  and  therefore  can  be  used  in  thirmer 
films  while  maintaining  good  conductivi^.  Hgure  7.9  and  7.10  show  die  same  tip  before 
and  after  die  deposition  of 2000  A  of  gold.  The  radios  of  corvature  has  increased  from 
300  A  before  the  gold  coating  to  1500  A  alter  die  spottm'  deposition  of  gold. 
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I^;nie7.9  A  sflicon  tip  with  no  metal  layN^  has  a  radios  of  curvature  of 
approximaidy  300  A. 


The  tips  coated  with  sputtered  gold  did  produce  some  acoustic  signals  but  their 
operation  was  vny  unstable.  Often  the  im^  quality  was  quite  poor  from  the  start  or 
graded  rapidly  over  a  few  minutes.  Inspection  of  the  tips  after  imaging  revealed 
substantial  damage  to  the  gold  filmu 
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Figuie  7.10  After  Ae  spotter  deposidon  of  1500  A  of  gold,  die  radius  of 
curvature  of  the  tip  has  increased  from  300  A  to  over  1500  A 

The  damage  to  the  metal  coating  is  most  likely  due  to  two  mechanisms.  The  first 
ipA/»haTO<iTn  is  resistive  heating  tpon  contact  wiA  tiie  sample.  If  the  tip  comes  into 
contact  wiA  the  sample  a  large  cunrat  can  flow  and  cause  Ae  gold  layer  to  melt  If  Ae 
contact  is  not  suflBciaitly  conductive  to  short  out  tiie  field  completely,  Ae  electric  field 
can  exert  high  forces  on  the  molten  metaL  The  tip  in  Hgure  7.11  was  being  used  to 
tmagft  a  gold  grating  when  Ae  signal  suddenly  saturated.  When  the  t^J  was  exammed  in 
the  SEM,  a  metal  line  from  the  sample  was  found  fused  to  Ae  tip  after  apparently  having 
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been  pulled  off  die  surface.  A  clo?«sr  inspecdon  of  die  areas  of  damage  reveals  that  the 
gold  film  was  not  simply  rubbed  off  frtxn  contact  but  was  in  fact  melted  in  the  presence 
of  a  high  field  (Figure  7.12).  When  molten  metal  drops  ate  extracted  by  high  fields,  very 
sharp  cones  can  be  1^  behind.  This  behavior  suggests  the  possibility  of  fabricating  sharp 
metal  tips. 


Figote7.ll  This  tip  was  dama^  by  coming  into  contact  widi  one  of  the 
metal  lines  of  a  grafing. 
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Hguie  7.12  The  damage  to  this  tip  was  caused  by  die  field  emissLon  of 
molten  gold  from  the  sOicon  dp. 


In  addition  to  melting  of  die  gold  film,  a  second  damage  mechanism  is  the  loss  of 
adhesion  between  the  gold  film  and  the  tip.  At  the  time  of  metal  dqiosition,  the  tip's 
surface  is  covered  by  a  layer  of  native  oxide  and  a  contamination  layo*  due  to  exposure  to 
atmo^heie.  The  adhesion  of  gold  to  silicon  dioxide  is  notoriously  poor  and  die  presence 
of  the  contamination  layer  compounds  the  problem.  When  a  tqi  covered  with  gold  is 
used  in  di;  electrostrictive  mode  the  high  electric  fields  in  tte  gap  between  the  tip  and 
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sample  can  exert  considoable  forces  on  the  gold  film  leading  to  the  destruction  of  the 
film  in  some  cases. 


HgmeT.lS  The  gold  layer  of  diistq)  is  damaged  over  an  area  of 
q>ptoximately  10  pm  v^iile  the  silicon  t^  itself  is  only  sfightly  damaged 
over  a  2  pm  region.  Electrical  factors  caused  the  damage  to  the  gold  film 
while  mechanical  contact  is  probably  reqxmsible  for  the  damage  to  the 
silicon. 

One  tip  which  was  damaged  in  this  manner  is  shown  in  Hgure  7.13.  Thisimage 
shows  the  gold  film  damaged  over  a  10  pm  region  whereas  the  underlying  silicon  is  only 
damaged  ovw  a  2  pm  region.  This  photo  indicates  that  at  least  in  some  cases  the 
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instabilities  in  the  electrostrictive  signal  are  caused  by  failuie  of  the  metal  coating  and  not 
mechanical  damage  to  the  silicon  tip  itself.  In  otha  words,  the  instabilities  in  signal 
stem  from  dectrical  rather  titan  mechanical  factors. 

The  adhesion  of  the  gold  to  the  tip  was  improved  by  first  sputter  cleaning  the  tq) 
for  20  seconds  with  argon  at  a  power  of  100  W  on  a  6"  target  Then  20  to  40  A  of 
chrome  ate  guttered  on  the  tips  to  act  as  an  adhedon  promoting  layer.  The  tips  are 
transferred  through  air  to  an  evaporation  chamber  where  they  are  coated  with  2000  to 
4000  A  of  ey^K»ated  gold.  Ups  made  using  tins  process  never  exhibited  an  adheaon 
failure  as  shown  in  Hgure  7.13. 

7.6,2  Tip  danu^  doe  to  acoustics  ak»e. 

The  damage  to  the  t4>s  discussed  tiius  far  has  cmtered  on  the  damage  to  the  metal 
film  caused  by  mechanical  contact  as  well  as  effects  due  to  the  high  dectiic  fidds  present 
in  the  gap  between  the  tip  and  sample.  In  addition  to  these  effects,  damage  resulting 
simply  from  the  motion  of  the  tip  induced  by  tiie  presence  of  acoustic  waves  has  also 
been  observed.  As  described  in  Chapter  5,  vhen  the  acoustic  wave  travels  down  the  tip, 
the  particle  displac^nent  within  the  tip  is  amplified  toward  the  apex  of  tiie  tip  whne  the 
lateral  dimension  of  the  tip  becomes  comparable  vo  half  the  acoustic  wavdengtiL  If  the 
partide  motion  is  sufficiently  large,  the  adhesion  of  the  metal  film  to  the  tip  can  be 
compromised.  This  form  of  acoustically  induced  damage  to  tire  tip  can  occur  even  when 
no  electric  fidd  or  sample  is  present 

To  dononstrate  the  effea  of  acoustically  induced  t^  damage,  a  tip  was  coaled 
with  sputtered  chrome  and  evaporated  gold  as  described  previously  (Figure  7. 14  (a)).  It 
is  not  entirely  clear  from  tlM  SEM  photo  that  the  metal  film  is  continuous  to  the  very  ap^ 
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of  the  tip  bat  this  ambiguity  is  probably  caused  by  poor  contrast  between  silicon  and  gold 
in  the  SEM.  This  t^  was  acoustically  excited  for  1  second  at  1  GHz  with  1 W  of  if 
power  deUvmed  to  the  transducer.  During  exdtatioa,  the  tip  was  held  in  air  widi  no 
sample  present  There  is  no  agnificant  change  to  die  appesaanct  of  die  tip  as  a  result  of 
die  acousdc  recitation  (Hguie  7.14  (b)). 

Figure  7.14  (c)  shows  the  same  dp  after  a  1  second  excitation  with  10  W  of  if 
power.  There  is  noticeable  damage  to  the  metal  coating  concentrated  at  locadons  widi 
qnall  radii  of  curvattne.  Since  the  ampUficadem  of  particle  motion  is  proportional  to  the 
reduction  of  cross-sectional  area  of  tip,  it  is  esqpected  that  aqieiities,  edges  and  other 
sharp  legions  would  experience  the  greatest  degree  of  amplified  particle  motion. 

To  detomine  whether  fuxtfaer  dama^  would  result  with  increased  duration  of  die 
acoustic  excitation,  die  tip  was  excited  again  for  10  minutes  at  1 W.  Hgure  7.14  (d) 
shows  that  even  after  extended  periods,  the  excitation  at  1 W  is  insufficient  to  cause 
foxdier  tip  damage.  Extensive  damage  to  die  metal  film  does  result  however,  if  the  t^  is 
excited  for  10  addititmal  minutes  at  an  if  pown  of  10  W  (Figure  7.14  (e)).  A  close  iq> 
view  of  the  damage  (Hgure  7. 15)  clearly  shows  that  die  metal  film  is  being  tom  off  of  the 
undamaged  silicon  tip. 
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Figure  7.14  a)  This  tip  was  covered  with  40  A  of  sputtered  chrome  and  2000  A  of  evaporated  gold,  b)  After 
1  ^ond  acoustic  excitation  with  1  W  no  significant  damage  is  evident  c)  After  an  additional  second  of 
acoustic  excitation  with  10  W  the  metal  begins  to  fail  in  areas  of  high  curvature,  d)  The  same  tip  is  excited 
again  with  1  W  for  10  minutes  with  no  addiUonat  signs  of  damage,  e)  10  minutes  of  acoustic  excitation  at  10 
W  causes  extensive  damage  to  the  metal  film. 


Chapter  7  EUctrostrictive  Mode  Near-Field  Acoustic  Operation  and  Imaging 


Hgaie7.15  Qoser  inspecd(m  of  the  damaged  metal  film  confinns  diat  the 
metal  layer  is  bemg  brdceii  tq)  and  adhesion  to  die  sobstraie  is 
compromised. 

Hgnze  7.16  shows  diat  the  damage  to  die  gold  film  is  to  the  end  of  die  tip. 

The  fact  that  die  damage  is  limited  to  the  mid  of  die  tqi  is  likdy  due  to  die  fact  that  the 
particle  motion  is  amplified  near  die  apex  of  the  tip  by  die  Mason  horn  tS&ct  [9].  The 
amplificatitm  of  particle  motion  in  a  sbaiply  tapering  tip  is  large  enough  to  destroy  die 
metal  layer  near  the  apex  of  the  tip  evmi  though  the  loss  in  the  majority  of  die  tip, 
determined  to  be -423  dB(Qiapter  5),  indicates  diat  it  is  a  very  poor  wave  guide.  The 


Chapter  7  Electrostrictive  Mode  Near-Field  Acoustic  Operation  and  Imaging 


losses  however,  are  small  in  the  last  segment  of  the  tq)  comparable  to  an  acoustic 
wavelength  and  tfaonefore  there  is  still  significant  particle  modem  amplification  from  that 


point  to  the  tip's  i^)ex. 


Hgure  7.16  The  damage  to  the  metal  film  caused  by  acoustics  alone  is 
confined  to  the  region  of  tiie  tip  roughly  proportional  to  the  acoustic 
wavdengtfa. 
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7.7  Future  directions  for  eiectrostrictive  mode  imaging 

The  dectrostrictive  mode  of  imaging  may  i»Dve  to  be  very  frmtful.  The 
resolntion  achieved  to  date  is  quite  low  but  since  it  was  die  first  attempt,  an  order  of 
magnitude  improvement  is  a  reasonable  goal 

Heavily  doped  sUicon  t^  will  decrease  the  instabilities  currently  associated  widi 
failure  of  the  metal  films.  In  addition,  a  great  increase  in  resolution  and  reliability  maybe 
achievable  if  die  NSAM  widi  mioofabricated  probe  is  radically  reconfigured  to  operate 
as  a  resonant  mode  instrument,  similar  to  Gflthner’s  microscope  [10].  In  theresonant 
mode,  continuous  wave  operation  may  be  possible  and  thereby  lead  to  increased  signal- 
to-noise  ratios. 

If  die  eiectrostrictive  mode  can  be  used  rdiably,  it  may  become  possible  to  detect 
hi^  fiequency  mgnals  on  die  sample  by  mixing  a  carrier  rf  signal  with  the  agnal  carried 
onthesample.  Odier  applications  of  the  electn^trictive  mode  niigfat  include  its  use  in  the 
characterization  ofsanqpleconductiviQr  or  thin  film  permittivity.  The  key  to  the  success 
of  any  of  diese  possibilities  will  be  to  improve  the  microsct^'s  reliabili^  through  the 
introduction  of  new  ccmdoctive  tips  and/tn  new  detection  techniques. 
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